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A b strac t
This work is mainly divided into three parts. Firstly, with the aim of 
integrating electron field emitter with other circuit elements on a single 
chip, silver-silicon dioxide (Ag-SiC>2) nanocomposites are fabricated and 
studied. The Ag-SiC>2 nanocomposites are synthesised by Ag implantation 
into thermally oxidised SiC>2 layers on Si substrates and their fabrication 
processes are fully compatible with existing integrated circuit technology 
and their threshold fields are less than 20 V/pm. The local field 
enhancement mechanisms were studied and the fabrication processes of 
these layers optimised.
Secondly, the electron field emission (FE) properties of 
two-dimensional quantum confinement structure were studied. Band gap 
modulated amorphous carbon (a-C) nanolayers were synthesised by 
pulsed laser deposition. In these structures, electrons are confined in a few 
nm thick low band gap sp2 rich a-C layer, which is bound by the vacuum 
barrier and a 3 nm thick high band gap sps rich a-C base layer. Anomalous 
FE properties, including negative differential conductance and repeatable 
switching effects, are observed when compared to control samples. These 
properties will be discussed in terms of resonant tunnelling and are of 
great interest in the high-speed vacuum microelectronic devices.
Finally, due to the interesting electrical transport properties and rare 
FE characteristics of metal quantum dots (QDs), cobalt QDs were 
synthesized in a SiC>2 matrix by ion implantation. Staircase-like 
current-field characteristics were observed for the first time from these 
samples and give an experimental insight into existing Coulomb Blockade 
effects in the metal QDs during the FE process. Moreover, these samples 
also achieve excellent FE properties with threshold fields less than 5 V/pm 
and are comparable with other popular FE materials.
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C h ap te r 1  In tro d u c tio n
1.1 Introduction
The study of electron field emission (FE) has attracted significant 
research interest for over half a century and is still one of the hottest 
research topics due to its potential applications in vacuum 
microelectronics [1.1]. Electron field emission is a quantum mechanical 
tunnelling phenomena, in which electrons escape from a solid to vacuum, 
under an intense electric field. In contrast to thermionic emission, it 
occurs at room temperature, hence, electron field emitters take 
advantages of low power consumption, instantaneous switching and small 
size as compared with thermionic emitters (hot filament) [1.2].
However, a very high field (typically, >3000 V/pm) is required to 
obtain a reasonable current from a flat panel cathode. In conventional 
vacuum microelectronic devices, sharp-tip structures (Spindt-type arrays) 
are employed in the cathode to achieve a geometric local field 
enhancement and hence reduce the operating voltage (field) [1.3, 1.4]. 
Although the Spindt-type array has been successfully applied to various 
devices, the production costs, the size and the scale of the devices are 
limited by the complex fabrication process of the Spindt-type array.
On the other hand, nanostructured materials such as carbon 
nanotubes, various types of nanowires and nanocomposites show excellent 
FE properties with threshold fields typically less than 20 V/pm [1.5]. 
Moreover, interesting and unique FE properties, including negative 
differential conductance, emission current peaks and non-linear 
Fowler-Nordheim plots, are observed in these nanostructures, despite a 
number of uncertainties behind the mechanisms behind these 
phenomena.
1
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Therefore, it is of great technical and scientific interest to study the 
electron field emission properties of nanostructured materials, especially 
those structures artificially engineered and those that can be fabricated 
using the standard integrated circuit technologies.
1.2 Objectives
The key objectives of this research are to search for electron field 
emission (FE) materials with fabrication processes compatible with 
integrated circuit technology and to study the unique FE properties of 
nanostructured low dimensional materials arsing from quantum effects.
Ag-Si02 nanocomposites were synthesised by Ag implantation into 
thermally oxidised Si02 layers on Si substrates. The FE properties of 
these samples with various fabrication parameters are studied and their 
fabrication process is fully compatible with standard integrated circuit 
technology. Moreover, we have modified their FE properties by pulsed 
laser annealing.
Band gap modulated amorphous carbon (a-C) nanolayers were 
synthesised by pulsed laser deposition on silicon substrates to study the 
electron FE properties of two-dimensionally confined structures and also 
to observe if negative differential conductance characteristics are 
reproduced in the FE process, which could be useful for high-speed 
electronics.
Cobalt quantum dots were synthesised by Co implantation into Si02 
layers to study the FE properties of zero-dimensional structures. Excellent 
FE properties with threshold fields as low as 5 Vfyim and repeatable 
staircase-like current-field characteristics are achieved in the cobalt 
quantum dots.
2
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1.3 O rganisation o f the Thesis
At first, the development, theory and applications of electron field 
emission are described in Chapter 2. Then, the literature reviews on the 
popular FE materials and structures are given in Chapter 3.
In Chapter 4, the sample preparation and characterisation methods 
used in this project are described. In Chapter 5, the results of ion beam 
synthesised Ag-Si02 nanocomposites are presented. The FE properties of 
these samples are discussed in conjunction with their structural 
characteristics. Finally, the improvement of FE properties of these 
samples by pulsed laser annealing is reported and discussed.
In Chapter 6, the anomalous FE properties including negative 
differential conductance and repeatable switching effects in the band gap 
modulated a-C nanolayers are reported. The mechanism behind these 
anomalous phenomena is discussed in term of resonant tunnelling.
The study of the FE and structural properties of cobalt quantum dots 
is present in Chapter 7. The staircase-like current-field characteristics 
observed in cobalt quantum dots are discussed with the Coulomb blockade 
effect.
Finally, conclusions and future work based on this project is given in 
Chapter 8.
3
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2.1 Introduction
At first, a brief introduction on historical development of electron field 
emission is given. Secondly, the mathematical descriptions of 
Fowler-Nordheim type tunnelling and resonant tunnelling are presented. 
Finally, the applications of electron FE are introduced.
2.2 H istorical Developm ent
Historically, the electron field emission from metals has been 
observed in many high voltage experiments in evacuated containers as far 
back as 100 years ago. The first detailed description was given by Wood in 
1897 [2.1], who observed a fireworks display in his discharge tube. 
However, these phenomena could not be explained theoretically until the 
late 1920s or early 1930s. This is due to the instability and 
non-reproducibility of the experiments coupled with the inability to 
explain a quantum effect - tunnelling.
The definition of tunnelling and the observation of its experimental 
manifestations can be regarded as one of the early triumphs of 
Schrodinger wave mechanics. The concept arises from the quantum theory 
prediction that an initial state, prepared in one classically allowed region 
of configuration space, has non-zero probability of penetrating through a 
classically forbidden region into a second classically allowed region. The 
first application of this prediction was made by Oppeheimer in 1928 to 
describe the auto-ionization of an excited state of atomic hydrogen in 
strong electric fields [2.2].
The first application of the idea of tunnelling to describe emission 
from a bulk material was calculated for field emission from a free electron 
metal using the Flower-Nordheim (FN) equation made by Fowler and
4
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Nordheim in 1928 [2.3]. A brief discussion of this equation is given in the 
next section.
Frenkel quickly extended this calculation to the case of a 
metal-vacuum-metal junction in 1930 [2.4] and Zener constructed a model 
of internal field emission from a p-n junction in 1934 [2.5]. The most 
convincing experimental evidence for tunnelling in a p-n diode was given 
by Esaki’s invention of a tunnel diode in 1957 [2.6].
In 1931, Henderson and Bodgely made the first attempt at measuring 
an energy distribution of field emitted electrons from platinum wire [2.7]. 
However, attributed to the poor energy resolution of the energy analyzer 
at that time, they did not show that the electrons originated at the Fermi 
level as Fowler and Nordheim theory predicted. Young and Muller built 
an improved retarding energy analyzer, capable of measuring the narrow 
width of the total energy distribution in 1959 [2.8].
In 1937, Muller invented the field ion microscope (FIM) [2.9], Using 
this FIM setup, Good and Muller [2.10], and, Dyke and Dolan [2.11] 
examined and verified the Fowler-Nordheim equation over a wide range of 
currents and voltages.
Spindt in 1968 [2.12] invented micro-fabricated molybdenum field 
emitter, now known as the Spindt tip cathode. The sharp-tip structure of 
the cathode has effectively reduced the required operational gate voltage 
below 100 V. The details of the Spindt tip cathode are discussed in next 
chapter.
Early in the 1970s, investigators had discovered that graphite fibres 
show better stability than refractory metals in a number of environments, 
suggesting that carbon-based materials are uniquely suited as stable field 
emitters [2.13, 2.14]. Since the early 1990s, huge amounts of research
5
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effort was placed on studying novel field emission materials such as 
diamond thin films, amorphous carbon layers, carbon nanotubes, 
metallic-dielectric composites and different nanostructured materials to 
replace the conventional Spindt tip cathodes. The reviews on these novel 
materials are given in Chapter 3.
2.3 Theory of E lectron Field Em ission
In this section, the mathematical derivation of the Fowler-Nordheim 
(FN) equation is given and insights behind the equation are discussed. 
Finally, a brief introduction on resonant tunnelling is presented.
2.3.1 Fowler-Nordheim  Equation
Electron field emission is the emission of electrons from a solid under 
an intense electric field at room temperature by the tunnelling of electrons 
through the surface potential energy barrier. The typical field required for 
emission from solids is 3000 V/qm. The early work of Fowler and 
Nordheim [2.3] derived an equation for the relationship between the field 
emission current density and the electric field strength for planar field 
emission from metals. This equation is now well known as the 
Fowler-Nordheim equation.
According to the Fowler-Nordheim (F-N) model, electrons are 
assumed to tunnel at a range of energy up to Ef through a triangular 
potential barrier as shown in Fig. 2.1. Moreover, F-N theory assumes the 
surface of the metal is perfectly smooth and the emission occurs at 
absolute zero temperature (OK), and, a free electron model is applicable.
6
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Electron Energy
Image PE
Metal x=0 X2 Position
Fig. 2. 1: Potential barrier for field emission from a metal with an external field.
The potential energy V(x) is expressed as following [2.15]:
V(x) =
0
W  -  eF0x x > 0
where, Fo is the field strength, and V(x) is the potential energy. The 
one-dimensional Schrodinger equation can be expressed:
Cl/Jv tL
(2.1)
9 m
Let f (x )  = —r-[V(x)-E] and f (x )  > 0 for 0 < x < x9, and let
h2
M/(x) = eax (2.2)
Substitution of equation (2.2) into equation (2.1) leads to
a"(x) + [a' ( x ) f  -  f (x )  = 0 (2.3)
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Assuming that a is a slowly varying function of x  such that a" (x ) «  [a (x )]2, 
then;
[ a ’ (x ) ]2 * / ( x )  
a '( x )  = ±yjf(x)
a(x) -  a(0) = ±  |  yjf(x)dx
We need a negative sign, as we look for a wave travelling from left to 
right. The transmission coefficient T of the barrier determined by 
Wentzel-Kramers-Brillouin (WKB) approximation is:
T = exp 2 £ 2 yjf(x)dx
x0 =
W - E
eFn
Hence,
T  = exp A ( 2 m y  ( W - E ) 2
3 { h 2 j  eF0
(2.4)
where, m is the mass of the free electron in vacuum.
Moreover, the relationship between the kinetic energy Ex and 
momentum p x in the x direction is taken as:
E  =
* 2 2 m vx p x
2 m
(2.5)
where, m* is the effective mass of electron in the metal.
As the carrier density with momentum between px and p x+Apx, py and 
Py+Apy, p z and pz+Apz is (2/h3)dpxdpydpz, the number of electrons arriving 
at the surface per square metre per second is vx(2lh3)dpxdpydpz. Hence, the 
tunnelling current density is:
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where T (p x) is the transmission coefficient and the integration must be
carried out for all electrons in the conduction band. That is, if Et is the 
Fermi energy and po=(2m*E{)112, it is required that [2.15]:
(2.6)
Px2 +  p f  + / V  -  2m E f = p f (2.7)
Therefore,
\\dp2dpy =7r(po2 - p x2)
as schematically proofed in fig. 2.2, such that
(2.8)
The area of shade region:
\ \d p zdp3 = TC - p x2)
- P x
Fig. 2.2: S c h e m a t i c  s h o w i n g :  Jjd p 2d p y ( p *  -  p x2) .
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Then, let0 = p 0 - p x, since T (p 0-Q) decreases rapidly with increasing 0.
Therefore, only contributions for small 0 are significant. We may thus 
construct a simplified approximation [2.15];
Po *  Px
Po2 ~ Px2 =  O o  +  Px)(Po -  Px)  «  2PoQ
3 2 2 3 3 (
( IW - E Y  = (< D  +  ^ - r - ^ £ r ) 2 =  <J>2
V
o :
2m 2m
Po6
1 +
2 2 7 ,
PO ~ P x  '
2m*®
+ 3
2 m
(2.9)
Now, substituting equation (2.9) into equation (2.8) and integrating, 
we can get the current density;
T _  4flp0 e d -  •— —j-exp 
m h
(  2m )
1 » 
2 ® 2 pPo1 exp 0(2 m )
Io2
U2 J eF0 U2 Jm* eF0■p00 OdO
Since, T (p 0 -0) decreases rapidly with increasing 0, the upper limit of the
above integral can be extended to oo and by the standard formula of the 
definite integral:
|° Q exp (~a6)d 8 = - i -  (2.10)
We finally obtain;
J  =
m* esF 02 
m 8nh<&
exp
I  -o rf\ 24 f  2m o
_ 3lJ ? eFn
(2.11)
This is the Fowler-Nordheim equation, which is considered to be the 
basis for electron field emission.
10
C hapter 2 Theory & Applications
However, if we consider the surface electric field enhancement effect 
at the metal surface, e.g. due to the geometry of the cathode surface, a 
field enhancement factor (3 is needed to be introduced such that Fo=pF, 
where Fo is the local field strength and F  is called the nominal field 
strength. If the difference between the electron mass in the solid and that 
in vacuum is neglected, i.e. m -m f,  then equation (2.11) becomes:
j  A(pF)2 J  = ———— exp 
O
B
® 2
PF
(2.12)
where A=1.54xl0'6 A(eV)V'2 and B=6.83xl07 (eVJ'^cm-1.
From equation (2.12) we can observe that ln( J  IF 2) will vary linearly 
with 1 IF.
F  O p F
I n O  = ln(— —^) -  ^  (2.13)
Moreover, if the experimental data is plotted in this manner, usually 
regarded as the FN plot, the value of p/®3/2 can be deduced from the slope 
of the FN curve. The ubiquitous linearity (more or less) of the 
experimental data plotted in this manner indicates a commonality in the 
underlying theory of the emission mechanisms of many electron sources 
with different values of p.
Thus far, Ff has been treated as an input parameter but it is obtained 
from free electron density (no) of the metal through the Fermi-Dirac 
distribution. According to reference [2.16], it is given by;
nn -
■s/ tt
m kT
2 n%2
E f
kBr
(2.14)
11
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where, h is the reduced Planck’s constant, F m  is the Fermi-Dirac integral, 
kb is the Boltzman’s constant and T  is the tem perature. W hen the image 
charge potential is taken  into consideration, i.e.
V(x) = <
0
E  + & -  Fnx -
16tcs0x
x  < 0 
x > 0 (2.15)
Then equation (2.11) will change to [2.22]:
. . m VJ(T ,F )=  ■■ ■ exp
2 71 n  C FN
( b \FN c pm  kg T71
I F ) sin {cFNkBT7t)_
(2.16a)
where
a F N  ( F )  —
cFN(F) = -~ ;^2m *m (y), 
HF
2y = ---------- ;
4tcs0O s
(2.16b)
and v(y) and t(y) are the Nordheim elliptic functions. The term s in square 
bracket in equation (2.16a) are close to unity  for field emission a t room 
tem perature. Therefore,
J (F )  = exp — V2 m.*®3 v(y) ~  
v3 ft F_
= a FNF 2e3 exp 'F N
F  
(2.16c)
All the coefficients in  equation (2.16) are either explicitly or implicitly 
dependent on the applied electric field. Therefore, the linearity  of equation 
(2.16) on a F-N plot is not a priori guaranteed, though it may be made so 
by linearising v(y) in  F and approxim ating t(y) by a constant. For T=0K, a 
widely used approxim ation due to Spindt, Brodie and co-workers [2.17] is;
1 2
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rO ) »1 .1
v(y) ~ v0 -  v ^ 2 » 0.95 -  y 2
The quadratic v(y) approxim ation is reasonable for interm ediate 
values of y. They are useful in m aking estim ates of the value of p/®3/2 from 
plots of the experim ental data. If a quadratic v(y) is used, the exponential 
term  containing vi can be absorbed into aFN and then  6fn can be redefined 
excluding iq. This will resu lts in  an  expression of J(F), th a t will give an 
identically linear F-N plot.
T,__ , (pF )2 10.4J (F )  = A — exp ._
<i> l V o
exp B
3 7  
® 2
(2.17)
According to the FN equation, in  order to increase the value of the 
emission current a t a fixed applied electric field, we need to either 
increase the value of local field enhancem ent factor (3, decrease the 
tunnelling barrier height <D or both. There have been a range of m aterials 
and device structures such as Spindt tips and diamond w ith good FE 
properties due to different origins and mechanisms. A brief sum m ary on 
these m aterials according to the ir (proposed) origin for FE is presented in 
Chapter 3.
2.3.2 R esonant Tunnelling
Resonant tunnelling refers to tunnelling in which the electron 
transm ission coefficient through a structure is sharply peaked about a 
certain  energy, analogous to the sharp transm ission peaks as function of 
w avelength for the Fabry-Perot-type interference filter in  optics [2.18].
13
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E a
-2a 0
E i
d d+2a
Fig. 2.3 : The schematic diagram of symmetric double barrier quantum well.
For simplicity, we consider a one-dimensional double potential barrier 
structure, which contains two identical potential barriers, as shown in fig. 
2.3. If  we denote the transm ission and reflection coefficients of the single 
barrier as T  and R, then  the to tal transm ission coefficient T to t  of th is 
double potential barrier will be equal to [2.19]:
where,
/ji2
Tm = r 2 +4R cos2(M-6>)
k  = V2 m E  lh  
y = «j2m(V0 -  E) I %
f  7 2 2 \k - y0 = -a rc ta n
2 ky
tanh(2/(3) + 2 ka
(2.18)
Therefore, when cos(kd-Q) = 0 [i.e. hd-9 =(2n+l)7t/2 , n  = 0, ±1, ....] , Ttot 
will equal to 1. Hence, the electrons may tunnel through both barriers 
w ithout any attenuation. If we assum e this double barrier as a infinite 
quantum  well (i.e. Vo, a, y—>• oo), then  9 will approach -tt/2, and hence,
E. =
2 m
*2„ 2 2 n n n
2 m d2
(2.18)
Thus, the resonant energy levels may be thought of as the bound state 
levels of the finite well formed between the two barriers, and pronounced 
transm ission of electron wave occurs when the energy of the electrons is
14
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aligned w ith one of these quasi-bound states [2.19], Physically, on 
resonance, an  electron wave is reflected back and forth between the two 
barriers  such th a t it adds coherently. The incoming wave excites the 
occupancy of the resonance level (i.e. E n) un til a steady sta te  is reached in 
which the incoming wave is balanced by an outgoing wave, and the overall 
transm ission is unity.
W ith a positive voltage bias applied to the right contact relative to the 
left contact in the QW structure shown in fig. 2.4(a), the energy of the 
incoming electrons (Ef) can align w ith quasi-bound energy state  of the QW 
and hence enhance the tunnelling current. However, as long as the 
sym m etry of the potential barriers of the QW is broken, the unity 
transm ission on resonance will be destroyed. It is because the m ism atch of 
the effective ‘impedances’ of the two barriers, which always gives some 
reflections.
Fig. 2.4: (a) The schematic diagram of a symmetric double barrier QW and (b) its 
I-Vcharacteristics under voltage biasing.
If T l and T r are the transm ission coefficients of the left and right 
barriers and they are «  1 (as they generally are), then, the Ttot on 
resonance is » 4TlTr/(Tl+Tr)2, but it is still much higher th a n  th a t (Ttot ~  
TlTr/4) in the off resonance sta te  [2.19].
15
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Hence, as F f passes through the resonant state, a large current flows 
due to the resonance transm ission from left to right. However, further 
increase bias pulls the bottom of the conduction band on the left side away 
from the resonant energy, which cuts off the supply of electrons available 
a t the resonant energy for tunnelling. This resu lt is a m arked decrease of 
the current w ith increasing voltage, giving rise to a region of negative 
differential conductance (NDC) as shown schematically in the I-V  
characteristics in fig. 2.4(b). NDC is an im portant elem ent for high-speed 
microwave systems (to amplify the sm all signal) and novel digital logic 
circuits [2.19].
2.4 Applications o f Field Em ission
The m ain application of electron field em itters is to replace the hot 
filam ents in the cathode of vacuum  electronic devices as the electron 
source. If  the cathode is to be based on the tunnelling phenomena, it will 
in  fact act as a cold cathode. In  th is  section, the working principle and the 
development of field em itter in  flat panel displays and microwave 
amplifiers are given.
2.4.1 The Flat Panel D isplay
The field emission display (FED) is one type of flat panel display 
sharing m any common features w ith the cathode ray  tube display (CRT), 
b u t has compact size and high power efficiency. The schematic diagram  of 
the FED based on Spindt-type triode device is shown in  fig. 2.5.
Sim ilar to the CRT, the image in the FED is created by impinging 
electrons from the cathode onto a phosphor-coated screen. In  a CRT the 
electron source is made up of three thermionic cathodes (for the colour 
elements) and hence scanning of the electron beam is required. However, 
in a FED, the electron source consists of a m atrix-addressed array  of
16
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millions of cold em itters. The on-off sta te  of each pixel is controlled by the 
gate voltage. When the gate voltage is high, electrons will be extracted 
from the micro-tips by the electron field emission process and then flow 
onto the phosphor. Alternatively, when the gate voltage is low, the 
electrons cannot escape from the micro-tips and hence the pixel is in the 
off-state. Therefore, electron scanning and pre-heating is not required in 
FED.
Phosphors
Electrons
Gate
Microtips
Fig. 2.5: The schematic diagram of FED [2.20].
As compared w ith other popular flat panel display technologies, 
including liquid crystal display (LCD) and plasm a display, FED has the 
fastest response time, the lowest power consumption, the highest 
brightness and good viewing angles as shown in Table 2.1. Therefore, FED 
is a promising candidate for future flat panel displays.
FED was first proposed by Crost, Shoulder and Zinn in 1970. The first 
working monochrome prototype was dem onstrated a t Jap an  Display in 
1986 by a group from LETI, France [2.26]. The first colour display (6 
inches in diagonal) was dem onstrated by Pixel/LETI in 1993 [2.27]. 
Motorola has dem onstrated 15 inch colour VGA (640x480) resolution with 
8 bit/colour high voltage FED in 2000 [2.28]. The electron cathodes of 
these field emission displays are based on Spindt-type em itters, hence, the 
size of these displays are not easy to exceed 32 inches in diagonal.
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LCD Plasm a FED
Brightness
(cd/m2)
600 > 1000 1800
Viewing angle ±90° ±90° ±90°
Response Time 
(ms)
> 8 1-10 0.01-0.03
Contrast ratio 5000:1 10,000:1 50,000:1
Power Consumption 
(W)
Medium High Low
Table 2.1: Comparison of FED with other flat panel display technologies 
[2.21-2.25].
On the other hand, the display companies have changed their in terest 
from Spindt-type em itter to other new field emission m ateria ls since the 
late 1990s, w ith the aim of reducing the production costs and scaling up 
the size of display. In  1997, Motorola Corp. created a 5.1 inch colour (14 
VGA resolution) FED using defective nitrogen-containing amorphous 
carbon as the em itter m aterials [2.28]. At the same year, Canon Inc. 
dem onstrated a fully addressable colour prototype w ith 10 inch diagonal 
screen a t 240x240x3 pixel resolution using PdO nanoparticles (thin film) 
as the em itter m aterials [2.29]. M atsushita Corp. and H itachi Corp. have 
been investigating displays based on m etal-insulator-m etal and 
metal-oxide-semiconductor tunnelling cathodes [2.30, 2.31]. P rin ted Field 
E m itters Ltd dem onstrated first triode prototype, a 32x32 pixel 
addressable display, using electrically conductive-insulating composites 
as em itter m aterial, in  2000 [2.32].
Perhaps the most attractive em itter m aterial for FED is carbon 
nanotubes (CNT) because of its  excellent FE properties and the large area 
scalability of prin ted  CNTs. In  1999, Choi et al. report a prototype FED 
based on prin ted CNT em itters in conjunction w ith Sam sung Corp. [2.25], 
In  2003, Sam sung Corp. has reported a 38 inch full colour television using 
non-aligned CNTs as the FE sources [2.33].
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2.4.2 M icrowave Am plifier
The electron velocity in  vacuum can approach the speed of light 
(3xl08 ms-1), while the sa tu ra tion  velocity of electrons in  a solid is 
typically lim ited to 105 ms*1 by the collisions w ith optical and acoustic 
phonons. Moreover, the carrier mobility of a single electron in  vacuum is 
virtually  infinite, higher th a n  in  any semiconductor. Therefore, m anually 
assembled triode vacuum tubes built in  the early 1950s w ith large 
m echanical tolerances could operate a t a frequency of 4 GHz [2.34].
The first microwave tube (triode) was invented by Lee de Forest in 
1906 [2.35], and, the travelling wave tube (TWT) is a key building block in 
the rapidly expanding telecommunication systems and reta ins a major 
role in satellite-based transm itters . In  triodes (fig. 2.6a), the electron 
beam  is m odulated by a grid and collected by a plate (anode), which is 
connected through a load to ground. The tra n sit tim e of electrons through 
the region of a triode in which they in teract w ith the grid fields m ust be 
less th an  the periods of the electromagnetic (EM) radiation. Hence, the 
operating frequency of triode is lim ited by eathode-grid distance.
TWT (fig. 2.6b) is a type of inductive output amplifier, which utilizes 
inductive circuits to exchange energy with the electron beam [2.36]. 
Electron tran sit tim es th a t are long compared to the period of the EM 
wave are not problematic because the high-frequency coupler is distinct 
and separate from the beam  emission and collection circuit. However, 
since the electron beam  m ust be magnetically focused over the whole 
length of the inductive circuit, velocity modulation can be an  expensive 
approach in term s of size and weight.
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Fig. 2.6: Schematic diagrams of (a) vacuum triode tube [2.37] and (b) 
travelling wave tube [2.38].
Klystrode and twystrode are analogous to TWT, with the inductive 
input circuit replaced by gated cathode. The cathode em its a directly 
m odulated electron beam. Thus they combine the best features of triodes 
and TWT. A griddled cathode imposes a strong initial density modulation 
on the beam current, elim inating approximately two-thirds of the size and 
weight of the tube, while inductively coupled output circuits provide high 
power-handling capability and high efficiency. However, sim ilar to the 
triode, the operating frequency is lim ited by the physical distance between 
the cathode and grid electrode. The details of the operating principles and 
development of these microwave tubes can be found in Chapter 8 in 
reference [2.21].
To increase the operating frequency of these tubes, the grid-cathode 
distance m ust be reduced. However, the high operating tem perature of the 
cathode (~700-800 °C) would create therm al expansion and reliability 
problem on the nearby grid. Moreover, a decease in grid-cathode distance 
results in an increase of grid-cathode capacitance and a reduction of 
transconductance. Hence, the la tera l dimension of the cathode (the total 
size of the tube) m ust be reduced as well. But this is obstructed by the size 
of the thermionic electron source (hot filament).
Using a field emission cathode in these microwave tubes has a lot of 
advantages. Firstly, a cathode heater is absent, and the input signal and
electron 
gun RF
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i
em itted beam  dissipate only a m oderate am ount of hea t in  the cathode 
region. Moreover, in  field emission array  structures, the grid (or gate) is 
fabricated in nearly the same plane as the em itting surface, dram atically 
reducing interception current and increasing transconductance. 
Furtherm ore, it also elim inates the need to dispense a continuous supply 
of low work function m aterials as is often done in therm ionic cathodes. 
This m aterial, which vaporises in  the tube, can coat the grids and 
grid-cathode insulators, resulting secondary electron emission and short 
circuits. Finally, the FE cathodes do not require a heating up process, 
hence, the device can be operated a t high pulse repetition rates.
Researchers a t NEC Corp. have successfully dem onstrated a cold 
cathode X-band m iniaturized travelling wave tube [2.39]. In  the U nited 
States, program m es were established to develop cold cathode based 
klystrodes w ith targe t performance of 50 W output power, 10 dB gain, and 
50% efficiency operating a t 10 GHz, bu t w ith lim ited success [2.40, 241]. 
Russian researchers reported a num ber of novel cold cathode radio 
frequency devices, such as super-m iniaturized reflecting klystrons and 
low voltage backward-wave tubes [2.42]. Recently, researchers a t 
U niversity of Cambridge successfully constructed a microwave diode in 
which carbon nanotube field emission was directly driven a t 1.5 GHz 
[2.43].
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3.1 Introduction
In  th is chapter, a litera tu re  review of the different field emission 
m echanisms of some low turn-on cathodes, including Spindt tips, carbon 
nanotubes (CNTs), diamond, boron nitride (BN), amorphous carbon (a-C) 
th in  films, ion-bearn-synthesised (IBS) silicon carbide (SiC) and some 
nano-structured m aterials is given.
3.2. Local E lectric Field Enhancem ent
The electric field s treng th  can be enhanced in some localised regions 
by m aking these areas different from the surrounding sectors such th a t 
the electric field lines will more favourably be term inated  w ithin these 
regions.
3.2.1 Geom etric Effects
The sim plest m anner in  which to achieve a large local field 
enhancem ent factor, (3, is to use a very sharp tip sim ilar to the lightning 
conductor observed in  our daily life. The field enhancem ent due to a tip 
of length h and radius r  can be roughly approximated as hlr (if h » r )  [3.1].
3.2.1.1 Spindt-tip Cathodes
Spindt in 1968 [3.2] invented a field em itter, now known as the Spindt 
tip cathode. It consists of micro-fabricated m etal field em itter cones 
formed on a conducting electrode (base) by a th in  film deposition process. 
Each cone has it own concentric aperture in an accelerating grid electrode 
(gate), which is insulated from the base electrode by a th in  dielectric layer,
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as shown in fig. 3.1. An extensive review of the general properties of 
Spindt cathodes can be found in the publication of Spindt in 1976 [3.3].
Metal gate film
Insulating Substrate
Fig. 3.1 : The Spindt micro-fabricated field emitter array.
Although Spindt tip cathodes have been successfully used in 
prototypes for flat panel displays [3.4] and microwave amplifiers [3.5], 
there have been lifetime issues. The performance of Spindt tip cathodes is 
strongly dependent on the sharpness of the m etal cone. Since the m etal 
cone will be damaged by high-energy ions, which are created by electron 
impact ionisation of residual gas molecules, the life tim es are shorter. 
Moreover, since Spindt tip cathode technology is a lithographic based 
process, there are difficulties in scaling the production process up. For 
example, large volume m etal evaporators are required to ensure th a t 
m etal atoms are normally incident onto the substrate in order to achieve 
suitable uniformity, particularly  over large area. M etal evaporator 
“throw” distances several tim es th a t of the substrates used for coating are 
necessary to obtain uniform ity expected in FE displays.
3.2.1.2 Carbon Nanotubes
Carbon nanotubes (CNTs) were observed by Iijma in 1991 [3.6] and 
they are a unique form of carbon filam ent / fibre in which the graphene 
planes are rolled up to form tubes as shown in fig 3.2. The shape of CNTs 
makes them  ideal candidates for field emission sources, hence, the 
electron emission from CNTs has attracted  many technologists and 
scientists since the in itial reports in 1995 [3.7, 3.8]. Moreover, CNTs have
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many other excellent properties, some of which are also attractive for FE 
devices, such as high electronic conductivity, high therm al conductivity 
and excellent chemical stability.
graphene sheet SWNT
Fig. 3.2: Rolling up a graphene sheet to obtain a single wall CNT[3.9].
CNTs have already been used in various field emission applications 
such as X-ray sources [3.10], vacuum switches/discharge tubes, [3.11] and 
most recently Sam sung Corp. have reported a 38 inch full colour TV using 
non-aligned CNTs as the FE source [3.12]. However, the FE mechanism of 
CNTs is not fully understood as yet.
The work function of CNTs m easured by photoemission is 4.9 eV 
[3.13]. It is generally believed th a t the good FE properties of CNTs were 
attribu ted  to their high aspect ratio (height/radius) “whisker-like” shape 
for optimum geometrical field enhancem ent. However, the m easurem ent 
results indicate th a t the random ly distributed CNTs [3.14] as shown in fig.
3.3 also have impressive field emission properties. Indeed, Chen et al. 
[3.15], showed th a t CNTs oriented normal, a t 45° or lying down to the 
substrate have sim ilar emission.
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Fig. 3.3: SEM micrograph of non-aligned CNTs (fig. la in reference [3.14]).
Finally, in order to minimize the device fabrication cost by using glass 
substrates, the deposition and processing tem perature m ust be kept under 
450-500 °C. However, the processing tem perature of high-quality CNTs is 
higher than  500 °C [3.16].
3.1.3 Surface Protrusions / Nanostructure
There have been num erous reports of FE a t low macroscopic electric 
fields (< 10 V/pm) from a wide range of nanostructured m aterials such as 
M n0 3  nanowires [3.17], Si nanowires [3.18], SiC nanowires [3.19], ZnO 
nanowires [3.20], M0S2 nanoflowers [3.21], IrC>2 nanorods [3.22], SiCN 
nanorods [3.23] and quantum  sized GaN structures [3.24]. Generally, it is 
believed th a t good FE properties of these m aterials can be a ttributed  to 
their high aspect ratio or high density of atomic scale surface protrusions 
th a t create a local field enhancem ent.
However, sim ilar to the case of CNTs, both aligned and non-aligned 
nanowires exhibit good FE properties. Moreover, usually the p value 
determ ined from the F-N curve (assum ing the tunnelling barrier is sim ilar 
to the bulk m aterial) is larger th an  the value calculated by the aspect ratio, 
determ ined by the AFM, SEM, or TEM, by a t least one order in 
m agnitude.
25
C hapter 3 FE M aterials & S tructures
3.2.2 E lectrical / D ielectric Inhom ogeneity Effects
Although a smooth emission surface cannot achieve local field 
enhancem ent by geometric effects, the electric field can be enhanced a t the 
surface by the surface chemical inhomogeneity, where some regions allow 
more favourable field line term ination, when compared w ith other regions. 
For example, an electrically insulating surface has some small-localized 
conducting regions distributed as shown in fig. 3.4. When an external field 
is present, the mobile charges on the surface will mainly concentrate at 
conducting regions, and hence the field lines would focus on and term inate 
in these areas. Therefore, local field enhancem ent is observed due to this 
field crowding by the surface electrical inhomogeneity.
(a) Electrical inhomogeneity (b) Conducting channels (c) Proximity effect
v u
Fig. 3.4: The local enhancement by (a) surface electrical inhomogeneity, (b) 
conducting channels and (c) proximity effects.
We can extend th is 2-dimensional case to 3-dimensions, namely an 
insulating m atrix which has some conducting clusters embedded w ithin 
itself. When an external field is present, the charges w ithin the m atrix 
will concentrate a t boundaries to these conducting channels and the 
electric field will penetrate through th is insulating m atrix and term inate 
in these charges as shown in fig 3.4 (b). The conducting channel, created 
a t these conducting clusters, work like an em itting tip bu t embedded in 
the insulating m atrix  instead of vacuum. Therefore, an in ternal local field 
enhancem ent will form depending on the shape (radius and height) of the
Conducting region 
| Insulating region 
© Mobile charge
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conducting channel and the dielectric constant of the insulating m atrix  
[3.25]. Another advantage of such a cathode would be the protection of the 
high field regions by the dielectric coating.
Moreover, when more th an  one conducting sphere is spatially 
packaged close together, w ithin an insulating m atrix  as shown in fig. 3.4 
(c), a local field enhancem ent will be generated from the dielectric 
m ism atch between the grains and the insulating m atrix  [3.26, 3.27, 3.28] 
which is called the proximity effect. Chaum et and Dufour [3.28] have 
considered the effects of the presence of two closely spaced Au spheres, 
w ith different radii (3 and 30 nm), a t an  arb itrary  orientation relative to 
the orientation of the applied field. Their calculations show th a t if such 
spheres are placed 5 nm ap art and are aligned parallel to the applied field, 
field enhancem ents of 56 between the spheres can be obtained which 
increase to over 400 for a 1 nm  separation.
Amorphous carbon (a-C) films are a good example to dem onstrate the 
above field enhancem ent effect because it consists of two different carbon 
phases (sp2 and sp3), which have different electrical properties, and the 
ratio  of these two different phases can be m anually controlled. Moreover, 
a-C films show very low turn-on fields for electron emission, typically 
sm aller th an  10 V/pm, and they can deposit over large area a t room 
tem perature (or low tem perature).
3.2.2.1 Amorphous Carbon Films
Carbon has two m ain allotropic forms, namely, diamond and graphite. 
Diamond is composed of a fully te trahed ra l sp3-hybridised C-C bonding 
configuration and is electrically insulating. On the other hand, graphite is 
a fully trigonal sp2 netw ork and electrically conducting. The 
m icrostructure of amorphous carbon (a-C) is such th a t it not only allows
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the coexistence of carbon sp2 and sp3 bonds but also other im purities or 
dopants th a t en ter into its m icrostructure.
The a-C films can be synthesised by various methods including ion 
beam deposition, sputtering, cathodic arc, pulsed laser deposition and 
PECVD [3.25]. The m icrostructure of a-C films is dependent on the 
fabrication param eters (e.g. ion energy of deposition and the power of the 
laser beam) and post-fabrication trea tm en t (e.g. therm al annealing). The 
ternary  phase diagram  for carbon-hydrogen alloys is shown in fig. 3.5. The 
details of fabrication and characteristics of a-C films are found in 
references [3.25] and [3.29].
Fig. 3.5: Ternary phase diagram of bonding in amorphous carbon-hydrogen 
alloys [3.25].
Early in terest in a-C films as cold cathodes was driven by the hope 
th a t these films possessed negative electron affinity (NAE) sim ilar to th a t 
found on certain  hydrogen term inated  diamond surfaces (NEA and FE of 
diamond will be discussed in section 3.3.1). There have been num erous 
reports of FE at low macroscopic electric fields (less th an  10 V/pm) from a 
range of pure a-C and hydrogenated (or nitrogen doped) a-C films 
[3.30-3.33]. However, the work function of a-C films has been m easured by 
Kelvin probe to be in the range of 4-5 eV, irrespective of its sp3 content or 
nitrogen addition [3.34] and the surface of these samples is very smooth
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(roughness < 1 nm as observed in  their AFM images). Therefore, the low 
threshold field property of these a-C films is not a ttribu ted  to either NEA 
or geometric local field enhancem ent.
On the other hand, the FE properties of a-C films are found to be 
dependent on the size of sp2 clusters w ithin these films by different groups 
[3.35, 3.36]. Ilie et al. have studied the dependencies of the FE properties 
w ith sp2 cluster size, which was determ ined by Ram an spectroscopy, of 
undoped te trahedral amorphous carbon (ta-C), lightly doped nitrogen ta-C 
(ta-C:N) and hydrogenated ta-C (ta-C:H) [3.35]. Their resu lts show th a t 
the optimised size of the sp2 phase for FE is of the order of 1 nm in all of 
these films. They suggest th a t the field enhancem ent in  these films can be 
attribu ted  to the more conducting sp2 clusters in an  insulating sp3 matrix. 
The sp2 clusters form some conducting channels (or conducting filaments) 
inside the insu lating  m atrix  and hence the electric field lines get focused 
onto these channels and creates a field enhancem ent. However, their 
results show th a t the optimum size of the sp2 cluster of undoped ta-C films 
is 0.2 nm, which ju st corresponds to two carbon atoms, and is sm aller th an  
a unit graphite plane (six carbon atoms), which is not realistic and is 
implausible as an  enhancem ent mechanism.
Moreover, as s ta ted  before, the field enhancem ent due to a free 
standing ‘protrusion’ of length h and radius r  in vacuum can be 
approximated as ehlr\ Moreover, if the protrusion is embedded in  a 
dielectric m atrix  ra th er th an  vacuum, the electric field will a ttenuate  as a 
factor of the dielectric constant of th a t matrix, and therefore, the field 
enhancem ent is approxim ated as lh!zvr\ The thickness of these a-C films is 
about 50 nm, w ith the optimised size of sp2 cluster about 1 nm and the 
dielectric constant of a-C about 4. Therefore, the maximum value of {3 in 
these a-C films due to a conducting channel effect is about 10. However, in  
order to give an  emission current of 1 pA/cm2, w ith a 4 eV tunnelling 
barrier, a t an applied electric field in range of 1-10 V/pm, the value of |3
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should be a t least larger th an  100. Therefore, the field enhancem ent by 
conducting channels is sm aller th an  the required value of these a-C films 
by one order of m agnitude.
On the other hand, Carey et al. have also found th a t the field emission 
properties of hydrogenated amorphous carbon (a-C:H) films were 
dependent on the concentration and size of sp2 carbon clusters sim ilar to 
the observations of Ilie et a l., by electron param agnetic resonance 
m easurem ents, bu t they have explained these dependencies in a different 
m anner [3.36, 3.37].
They suggest th a t the sp2 clusters are isolated and the local field 
enhancem ent of these films was associated w ith the different dielectric 
and conducting properties of the sp2 clusters when compared w ith the 
surrounding sp3 insulating  m atrix. W hen the concentration and size of 
these sp2 clusters increases, the separation among the clusters will 
decrease and hence local field enhancem ent w ithin these clusters due to 
proximity effects will increase as in  the case of closely spaced golden 
spheres in a surrounding vacuum.
However, the electrical conductivity of the sp2 clusters is much lower 
th an  th a t of Au and the dielectric constant sr of the sp3 m atrix  is about 
four (vacuum = 1). Their sim ulation results show th a t w hen the resistivity 
of the spheres is chosen to be 5 Qcm, which compares w ith the resistivity 
of graphitic a-C of 0.1 Hem [3.38], the maximum local field enhancem ent is 
only about 22. Again, the field enhancem ent by the proximity effect is 
sm aller th an  the required value of these a-C films by one order of 
m agnitude.
Although, the origin of local field enhancem ent in  a-C films is not so 
clear as yet, the existence of conducting sp2 clusters embedded in the 
insulating sp3 m atrix  is seen to be a key factor of field enhancem ent.
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Moreover, there have been reports on the improvement of FE properties of 
a-C films by the introduction of m etal elements to form some isolated 
m etal clusters embedded in the a-C m atrix  [3.39, 3.40].
3.2.2.2 Metal Ions Im planted into SiC
In  our previous research work, we have showed th a t the local field 
enhancem ent of ion-beam-synthesized polycrystalline (cubic phase) SiC 
layers can be attribu ted  to the surface morphology (geometry 
enhancem ent) and surface electrical inhomogeneity of these layers [3.41]. 
A very smooth SiC layer (surface roughness < 1 nm) has given an emission 
current of 1 pA/cm2 a t a field of 12 V/pm and conducting atomic force 
microscopy (c-AFM) image of it shows some small isolated electrically 
conducting regions distributed in  the insulating background/ Moreover, 
we successfully dem onstrated th a t the FE properties of a smooth and 
electrically insulating SiC layer can be improved by tungsten  ion 
im plantation [3.42], The turn-on field of th is SiC layer is decreased from 
25 V/pm to 14 V/pm after W im plantation and further decreased to 0.35 
V/pm after suitable therm al annealing a ttribu ted  to the formation of 
isolated electrically conducting WC clusters embedded in an insulating 
SiC m atrix as observed in  the corresponding cross-sectional transm ission 
electron microscope (XTEM) im ages [3.43].
3.3 Tunnelling Barrier
The tunnelling probability of an  electron will increase by reducing the 
height of tunnelling potential barrier (<D) or its tunnelling distance. The 
most direct way to reduce the value of ® is to choose a m aterial w ith a 
sm all (or negative) electron affinity or work function. But, we can also use 
artificial structures to reduce the  effective potential b arrier for example in  
MIM cathodes.
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3.3.1 Negative Electron Affinity (NEA)
The typical energy band diagram  of a semiconductor surface is shown 
in fig 3.6 (a). The vacuum level lies above the conduction band minimum 
( E c )  creating an energy barrier, which prevents low energy electrons from 
escaping to vacuum. This energy barrier is called the electron affinity (x) 
and it is simply defined as the energy difference between the vacuum level 
and Ec.
True NEAPEA
Vacuum Level
■VAC
Effective NEA
X>0 Band Bending
1 XRff<0
■VAC
(a) (b) (c)
Fig. 3.6: Energy Band schemes of semiconductor surface (a) PEA, (b) true NEA 
and (c) effective NEA.
If the vacuum level lies below Ec at the surface, then  the electron 
affinity is negative (x < 0) and a true negative electron affinity (NEA) is 
produced as shown in fig. 3.6 (b). This means th a t any electrons in its 
conduction band could pass into the vacuum without any energy barrier. 
However, the conventional NEA semiconductor surfaces are prepared by 
the engineered combination of p-type doping together w ith cesium or 
cesium oxide surface coating for example p++-Si coated w ith Cs/O on its 
surface [3.44]. The Cs or Cs/O is deposited as ionic species in monolayer 
quantities to form an affinity lowing surface dipole. This reduction in the 
electron affinity, together w ith a short characteristic band bending length 
w ithin the heavy p-type doped semiconductors results in an effective NEA 
surface as shown in fig.3.6 (c).
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Therefore, either true  NEA or effective NEA semi-conductors are 
attractive for FE devices because in  principle, electrons in their 
conduction band can be injected s tra igh t into the vacuum w ith a very 
sm all tunnelling barrier (or even w ithout a barrier).
3.3.1.1 Diamond
The prim ary in terest in  studying FE in diamond is its negative 
electron affinity (NEA) [3.45] and the ability of depositing it in  th in  film 
form a t low pressure by CVD. Its  (111) surface has an NEA of 1.2 eV when 
it is fully term inated  by hydrogen. Remarkably, nitrogen doped 
polycrystalline diamond has been shown to exhibit low threshold fields of 
0.5 V/pm for a curren t density of 1 pA/cm2 [3.46]. However, by 
sim ultaneously m easuring the field emission and photo-emission 
spectrum  of (111) lx l:H  n a tu ra l semiconductor (p-type) diamond surface, 
Bandis et al. [3.47] showed th a t the origin of the field em itted electron was 
due to the electron tunnelling from the valence band of diamond. Groning 
et al. [3.48] also found th a t there were good FE properties of the diamond 
films of which the work function was determ ined to be in  the range of 3-5 
eV using the same m easurem ent technique.
Diamond is also an insulating  m aterial so it does not contain (or only 
in very small quantity) electrons in  its conduction band. Therefore, 
electrons need to be transported  from the valence band to the conduction 
band, first, before tunnelling out from the conduction band to vacuum 
w ith a NEA. Therefore, the effective tunnelling barrier of electrons in 
diamond would equal the band gap of diamond (5.5 eV) [3.49]. Although, 
emission should be possible from n-type diamond as th is places electrons 
close to the conduction band, the most soluble donor is nitrogen, which 
gives a deep donor level a t 1.7 eV below the conduction band.
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3.3.2 M etal-Insulator-M etal (MIM) Cathodes
The MIM cathodes were proposed by Mead [3.50] in 1961 and have 
been experim entally studied by many research groups [3.51-3.53]. It is a 
th in  film device. A th in  insulating film (e.g. AI2O3) is sandwiched between 
two m etal electrodes (e.g. Al and Au) as schematically shown in fig. 3.7. 
Typically, the thickness of the insulating layer and the upper m etal layer 
(M2) is less than  few nm. Therefore, when a voltage (Vb) is applied 
between these two m etal electrodes, electrons can inject to the upper 
m etal layer (M2) through the th in  insulating layer by quantum  tunnelling 
as ‘hot’ electrons. This electric current can be detected as the diode current 
lb. P art of the electrons th a t have kinetic energy higher th an  the work 
function of M2 can go through and em it to vacuum directly, which is 
detected as an emission current Ic. As shown in the energy band diagram  
(fig. 3.7b) for a MIM cathode, the em itted electrons tunnel through the 
interfacial Schottky barrier (< 2 eV) instead of the surface potential 
barrier (work function of metal, ~ 4-5 eV).
Insulator 
Metal ▼ Metal
1(M2)
2.0 eV
<S> L
\
V . LT2.8 eV 4.9 eV
E r ........F= = = I4  c  >
Al Al20 3 A u Vacuum Au
Fig 3.7 : Schematic diagram depicting the MIM emission mechanism.
It is less susceptible to surface contam ination because the electron 
emission is mainly control by the tunnelling through the buried insulator 
barrier. It also exhibits fluctuation-free emission currents, uniform 
emission from the whole em itting area and a highly directional electron
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beam. But, the emission current is crucially dependent on the 
sub-nanom etre growth accuracy.
Typically its emission curren t density (Ic < 50 pA/cm2) and emission 
current efficiency (IJib < 10'3) are too sm all for practical applications due 
to the scattering events in the insulator and upper m etal. Although, 
researchers a t H itachi reported a 30x30 MIM cathode array  w ith a peak 
current density of 5.8 mA/cm2 using m ultilayers (Ir-Pt-Au) as the 
upper-m etal plate [3.53], the lim ited lifetime of MIM cathodes operating 
a t useful current densities rem ains the greatest challenge.
3.3.3 E lectronic Band Bending w ith Space Charge
Another approach to explain the good FE properties of diamond and 
other wide band gap (WBG) m aterials such as a-C and boron nitride films 
is using an emission mechanism  sim ilar to th a t in  MIM cathode. It 
assum es th a t a Schottky junction was formed between the interface of the 
substrate and these WBG m aterials. However, the band bending in these 
m aterials was a ttribu ted  to the space charge effect due to heavy doping or 
external field penetration instead  of the external applied voltage Vb-
As shown in fig. 3.8, the emission process can be described as follows.. 
At first, electrons are injected a t the substrate-W BG interface into the 
conduction band of the WBG layer by tunnelling through the 
heterojunction “barrier” between these two layers. The injection takes 
place due to very narrow  space charge layer a t the interface by ionised 
dopants. Then, these electrons will accelerate and gain kinetic energy 
(K.E.) in the conduction band due to the band bending. However, a t the 
same time, these electrons will also loose their K.E. by lattice scattering. If 
the WBG m aterial has NEA (e.g. diamond and boron nitride), then  the 
electron can escape to the vacuum  directly, despite energy being lost by 
the lattice scattering. On the other hand, for WBG m aterials w ith positive
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electron affinity (PEA) such as a-C, as long as the K.E. of electron gained 
by the band bending is more th an  the loss by scattering events, the net 
gained K.E. is higher than  the surface electron affinity, electrons still have 
enough energy to overcome the WBG/vacuum potential barrier as ‘hot’ 
electrons.
Energy loss due to
n++-Si / Metal Wide band gap film Vacuum
Fig. 3.8 : Schematic diagram of the emission mechanism for wide band gap 
materials, which consists of: electron injection into the conduction band, 
thermalisation of electrons, and subsequent field emission from the conduction 
band minimum (Ec) to vacuum.
A m aratunga and Silva in 1996 [3.30] have used the above model to 
discuss the FE properties of 300 nm thick nitrogen containing 
hydrogenated amorphous carbon film (a-C:H:N) on n++-Si, which has a 
very smooth surface and gives an emission current of 10 pA/cm2 at fields 
as low as 4 V/pm.
The FE properties of nitrogen doped diamond films grown in both 
m etal and silicon substrates were discussed with sim ilar approaches, 
while taking into account the NEA of diamond by Culter et al. [3.54, 3.55]. 
Moreover, Schlesser et al. [3.56] have preformed field emission electron 
energy distribution m easurem ents on diamond coated Mo tips at different 
applied voltages and their results suggested th a t external field induced 
band bending was occurring in the diamond layers. However, the results
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also suggest th a t the diamond film has positive electron affinity (~ 1 eV) 
and does not show evidence of ‘hot’ electron contribution to the emission. 
Moreover, sim ilar resu lts were obtained using a Mo tip w ith boron nitride 
coating by the same group [3.57].
3.3.4 Quantum  Well Structures
Recently, the electron field emission (FE) from quantum  well (QW) or 
m ultilayered structures has received a great deal of in terest from 
researchers due to the possibility of improving and modifying the FE 
properties of the cathode by struc tu ra l m odulation and negative 
differential conductance (NDC) in  the field emission process. In  1996, 
Litovchecko et al. performed a computer sim ulation study on a 
m ultilayered cathode, which consists of u ltra  th in  Si(>2-Si-Si02 m ultilayer 
on Si and their results suggested th a t resonance tunnelling is observed in 
FE m easurem ents due to the quantum  well structures [3.58]. In  1999, 
they observed the NDC from the FE m easurem ents of the above 
structures and found th a t the emission current density exceeded the value 
of the conventional single layer cathodes w ith an  optimised layer 
thickness [3.59]. In  2000, Zhao et al. have studied the FE properties of 
te trahed ra l amorphous carbon films w ith m ultilayer structures and 
showed an im provem ent of the threshold field compared w ith the single 
layer structure, although, absent of resonant tunnelling effects in the FE 
m easurem ents [3.60]. In  2004, Semet et al. have m easured the FE from a 
surface (n-type SiC) covered w ith two u ltra  th in  semiconductor layers 
(AlN/GaN heterostructure). W ithout the consideration of local field 
enhancem ent effect, an  effective surface tunnelling barrier (®) 0.5 eV is 
achieved in the m easurem ents [3.61]. In  2005, Isgida et al. have proposed 
an idea of AlN/GaN m ultiple-barrier resonant tunnelling electron em itter 
[3.62]. Moreover, Wang et al. have developed a self-consistent quantum  
model to investigate the struc tu ra l enhancem ent mechanism  of FE from 
m ultilayer semiconductor films. Their calculated results, using structure
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reported by Semet et al., show th a t FE characteristics can be rem arkably 
improved only by s tructu ra l m odulation [3.63].
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C h ap te r 4 Sam ple P re p a ra tio n  and  
C h a ra c te r isa tio n  M ethods
4.1 Sample Preparation
The Ag-SiC>2 nanocomposites and Co quantum  dots were synthesised 
by m etal ion im plantation into therm ally oxidised Si02 layers. The band 
gap m odulated amorphous carbon nanolayers were fabricated by pulsed 
laser deposition of graphite targets.
4.1.1 Ion Im plantation
Ion im plantation is conceptually one of the sim plest methods for 
introducing dopant im purities into a substrate m aterial. I t directly 
impinges ionised doping atom s into the substrate m atrix  by accelerating 
these atoms to a very high kinetic energy. The energy is typically between 
10 and 200 keV and can be up to several MeV for special applications.
4.1.1.1 Operation Principle
In  th is work, the Danfysik high current im planter located at the 
Surrey Ion Beam Centre was employed for the m etal im plantation. The 
schematic diagram  of th is im planter is shown in fig. 4.1§. Its  operating 
process can be divided into three parts: (i) ion extraction, (ii) mass 
analysis and acceleration, and, (iii) beam  focussing and scanning [4.1].
At first, the ion source s ta rts  w ith a feed gas th a t contains the desired 
im plant species, which are produced by argon sputtering. Then, the gas 
flows into an arc cham ber where the feed gas breaks into a variety of 
ionised atomic and molecular species. Then the positive species are 
extracted from the cham ber and are pre-accelerated up to 40 keV.
§ Although, the implanter located at the Surrey Ion Beam Centre is not exactly the same as fig. 4.1, the 
working principle is identical.
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H V  PROTECTION CASE
r
t a r g e t  c h a m b e r
\
BEAM SCANNING
m a g n e t s
Fig. 4.1: The schematic diagram of Danfyisk high current implanter [4.1].
Secondly, the extracted ion beam is mass analysed in a double 
focussing 90° analysing m agnet. A beam profiler monitor and a remote 
controlled analysing slit allows control of the elem ental and isotopic purity 
of the beam. After that, the analysed beam is post-accelerated to the 
desired energy (< 200 keV for singly charged ions).
Finally, the beam is focused by m eans of a quadrupole trip let m agnet 
to a diam eter of 10 to 20 mm on the target. The ion beam is scanned over 
the substrate using an electromagnetic two-dimensional beam scanning 
system. The wafer (sample) is connected to a Faraday cup for m easuring 
the im plantation dose.
4.1.1.2 Im plantation Energy & Dose
Two im portant param eters of the ion im plantation process are the 
im plant energy and dose. The im plant energy determ ines the depth and 
distribution of the ions. The dose (number of im plant ions per unit area) 
determ ines the atomic concentration of im planted species.
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The depth profile of the im plant species, N(z), in  an amorphous 
substrate  can approximately be expressed as a sym m etrical G aussian 
distribution [4.2]:
N (z) =
D
yj 27lARj
•exp Z-Rr ^
A R p J
(4.1)
where D is the dose, z  is the depth inside the substrate , ARp is the 
standard  deviation from the m ean and Rp is the project range. Both of the 
Rp and AR p are dependent on (monotonic increase with) the im plant 
energy. In  th is work, a Monte Carlo computer sim ulation program  call 
SRIM2000 [4.3] was used to estim ate the ions depth profiles.
The depth profiles of 110 keV Ag+ and 50 keV Co+ im plantations into 
120 nm thick Si02 layer on Si substrate  are sim ulated by SRIM2000 and 
shown in  fig. 4.3. The values of Rp are determ ined to be 57.7 and 43.5 nm 
for the 110 keV Ag+ and 50 keV Co+ im plantations, respectively. The 
values of ARp are determ ined to be 15.5 and 16.5 nm for the 110 keV Ag+ 
and 50 keV Co+ im plantations, respectively. The doses of both 
im plantations range from 1 to 7 x l0 16 ions per Centim etre Square. The 
peak atomic concentration of the im planted ions w ith respect to the dose is 
sum m arised in  Table 4.1.
Dose 
[x 1016cnr2]
Ag
R p = 536 A, Ai?p= 1 4 4 A
Co
Rp = 435 A, ARp= 153 A
Peak Con.
r%i
Peak Con. 
[%1
1 4 3.6
3 11 10.0
5 17 15.7
7 22 20.7
Table 4.1: The peak atomic concentration of implanted ions with various 
implantation doses.
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Fig. 4.3: SRIM simulation results of ion distribution: (a) 110 keV Ag+ and (b) 50 
keVCo\
4.1.2 Pulsed Laser D eposition
Pulsed laser deposition (PLD) is a th in  film deposition technique. The 
schematic of the PLD a t our laboratory is shown in fig. 4.4. The laser beam 
is generated from a 248 nm pulsed KrF Excimer laser (Lambda Physik 
LPX 210i). Pulse duration is 25 ns and the maximum pulse repetition rate 
is 100 Hz. The energy of laser pulse is prim arily controlled by the 
discharge voltage used in the Excimer laser w ith the maximum energy of 
700 m J and can be further tuned by a set of attenuators. The size of laser 
spot is controlled by an iris. Then, the laser beam is focused onto a target 
of the desired composition in a vacuum chamber w ith pressure of ~ 9 x l0 8 
Torr through a focussing lens. It evaporates the target m aterial. Hence, a 
plasm a plume is formed and the plasm a deposited as a th in  film on a 
substrate (e.g. a silicon wafer facing the target).
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Vacuum chamber sample
Attenuators
Fig. 4.4 : The schematic of a pulsed laser deposition system.
4.1.3 Pulsed Laser A nnealing
For th is work, pulsed laser annealing (PLA) is applied for modifying 
the field emission properties of Ag-SiOa nanocomposites. Since the laser is 
pulsed to a very short period (25 ns) and the SiCL layer is transparen t for 
KrF laser, the energy is almost totally absorbed by the Ag nanoclusters 
and the substrate is largely unaffected. The size and the distribution of Ag 
nanoclusters can be modified by the PLA and leads to an improvement in 
FE properties.
■  Aperture 
Focusing lens Ener9y m®ter
90 %
sample
Vacuum chamber
Attenuators X-Y stage
Fig. 4.5 : The experimental setup of pulsed laser annealing system.
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Fig. 4.6 : Semi-Gaussian beam profile of the 248 nm 4x10 mm2 laser pulse. 
Dimensions measured at the sample plane [4.4].
The schematic of the PLA is shown in fig. 4.5. The laser pulse 
generation and energy control in our PLA system is identical to our PLD 
system. After the laser beam passes through the set of attenuators, the 
beam is homogenised with a Microlas beam homogeniser, which retains 
the semi-Gaussian profile of the laser beam as shown in fig. 4.6. Then, the 
beam profile is further shaped to be a relatively homogenous 0.4x0.4 mm2 
square spot by an aperture and focussing lens above the sample plane. 
The sample is mounted in a vacuum cham ber with pressure of -  5xl(H  Pa 
and is scanned across the pa th  of the beam by a controlled x-y stage.
4.2 Characterisation M ethods
The local surface morphology of the samples was studied by atomic 
force microscopy (AFM). The distribution and dose of the im planted 
species were determ ined by Rutherford backscattering spectrometry 
(RBS). The structure and phase evolution conditions were studied 
system atically by X-ray diffraction (XRD) and transm ission electron 
microscopy (TEM). The field emission properties of the samples were 
studied in an u ltra  high vacuum system with a base pressure better than  
5xl0*4 Pa.
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4.2.1 A F M
In principle, AFM is based on the m easurem ent of interaction force 
between the atoms on the tip and those on the sample. The detail can be 
found in reference [4.5]. A schematic diagram  of the m ain components of 
an AFM is shown in fig. 4.7
Photodiode
Detector
Mirror
Feedback
Laser Diode
bstrate
Flexible Cantilever
XYZ Piezoelectric 
ScannerComputer
Fig. 4.7: A schematic diagram of the main components of an AFM.
The sample is mounted on a piezoelectric scanner. The scanner is used
to move the sample in the XY directions w ith a la teral resolution of about
°1 A. A flexible cantilever, w ith a spring constant of about 0.1-10 N/m and 
w ith a sharp tip a t the end is fixed above the sample surface. A laser 
beam from the laser diode is reflected from the back of the cantilever into 
a position-sensitive photodiode (PSPD) detector as the tip is scanned over 
the sample. As the cantilever bends, the position of the laser beam on the 
detector shifts w ith the ability to m easure a displacement as small as 1 A. 
As a result, the system can detect sub-angstrom vertical movement of the 
cantilever tip. The signals of the PSPD are recorded and the changes are 
captured and reconstructed to form an image by the computer system.
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4.2.2 RBS
Rutherford backscattering spectrom etry (RBS) is a technique to obtain 
the atomic composition and the thickness of th in  film layers less th an  2pm 
by counting the scattering events between an ion and solid. The detailed 
principles of RBS can be found in reference [4.6].
In  RBS, the mono-energetic particles in the incident beam  collide w ith 
the ta rge t atoms w ith an  incident energy of typically 2 MeV. Then, the 
particles are scattered backw ard into the detector of the system. The 
detector system m easures the energies of the backward particles. In  the 
collisions, energy is transferred  from the moving particles to stationary 
ta rge t atoms. The energy of the scattering particles is dependent on the 
m asses of the incident and ta rg e t atoms and the scattering angle (170°, in 
our case). From the energy loss of the backscattering ions, by simple 
mechanical calculations, inform ation about the ta rge t atoms can be 
obtained. Fig. 4.8(a) shows a schematic of the experim ental set up of RBS 
m easurem ents and fig. 4.8 (b) depicts the collision event and the 
mechanical param eters.
In  th is work, RBS spectra for the im planted samples along random  
directions were taken  w ith a 1.63 MeV He+ incident beam from a 2 MV 
tandem  accelerator. The backscattering ions were detected by a surface 
barrier detector w ith a resolution of 17 keV placed a t an angle of 170°. A 
sim ulation program  call WINNDF [4.7] developed a t the Surrey Ion Beam 
Centre is used to fit the RBS spectra to obtain the depth profile of the 
im planted ions.
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( a )
Nuclear Particle Detector
Fig. 4.8: (a) Experimental setup of RBS (b) Schematic representation of an elastic 
collision between projectile mass and target mass.
4.2.3 XRD
X-ray diffraction (XRD) is a powerful technique for the analysis of 
crystal structures w ithout dam aging the samples [4.8]. In this work, a 
Siemens D5005 X-ray diffractometer in the grazing angle mode using Cu
o
K a radiation (A = 1.5418A) was employed. The crystal structures of the 
im plant ions were identified from the XRD spectrum.
4.2.4 TEM
Transm ission electron microscopy (TEM) is the most powerful 
experim ental technique to study m icrostructures in m aterial research. If 
the thickness of the sample is less th an  the penetration depth of the probe 
electrons, detailed structures of the m aterials with a spatial resolution of 
0.2-0.3 nm can be obtained from the images when a high-energy electron
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beam  passes through the sample. TEM is widely used to investigate the 
morphology, structure, and local chemical composition of m aterials from 
their TEM images, transm ission electron diffraction (TED) pattern , and 
electron energy loss spectroscopy (EELS) analysis, respectively. The 
detailed principles of TEM can be found in reference [4.9, 4.10],
4.2.5 FE M easurem ent
The FE properties were investigated using a “sphere-to-plane” 
electrode configuration w ith a 5 mm stainless-steel ball in a vacuum 
chamber w ith base pressure better th an  5xl0  4 Pa as shown in fig. 4.10. 
The position of the anode (sphere) can be adjusted via a Vacuum 
G enerator HPT translator. This allowed a FE m apping of the sample.
A computer controlled high voltage supply (Keithley model 248) was 
used to provide a voltage ranging from 20 to 4000 V between the anode 
and sample. Then, the field emission current was converted to a voltage 
signal by an  I/V inverter and finally, the voltage is m easurem ent by a 
computer control m ulti-m eter (Keithley 2000 m ultim eter). The gap 
distance between the anode and sample is controlled by a stepper motor 
where each individual step is increased w ith an increm ent of 2.5 pm. The 
applied electric field obtained by divided the applied voltage to the gap 
distance (typically, the gap distance is 50 pm). The threshold field, Eth, is 
defined by the electric field a t which 1 nA emission curren t is observed. 
For each sample, m easurem ents were made a t 3 or more different 
positions to check the uniformity.
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Fig. 4.10: The schematic of FE measurement setup.
49
C h ap te r 5 Ag-SiC>2 N anocom posites
5.1 Introduction
In  th is chapter, the structu ra l and electron field emission (FE) 
properties of ion-beam -synthesised Ag-Si02 nanocomposites are reported. 
Moreover, the im provem ent of FE on these samples by pulsed laser 
annealing is dem onstrated. This work is driven by the excellent FE 
properties of metallic-dielectric nanocomposites and the aim of in tegrating 
th in  film electron em itters using s tandard  in tegrated circuit fabrication 
processes.
Metallic-dielectric nanocomposites, consisting of isolated electrically 
conductive clusters embedded in  a relatively electrically insulating 
dielectric m atrix  [5.1-5.5], exhibit a very low threshold field. The fields are 
typically less th an  20 V/pm for electron emission from atomically flat 
surfaces and originate from local field enhancem ent associated w ith the 
electrical inhomogeneity between the clusters and the host m atrix  as 
discussed in  C hapter 3.
Various methods, such as sol-gel synthesis [5.6], co-sputtering of 
electrically conducting and insulating  m aterials [5.7] and m etal ion 
im plantation into a dielectric m atrix, [5.4, 5.8] can be applied to 
synthesise the mixed phase nanocomposites. Among these methods, ion 
im plantation has a ttracted  significant in terest due to the possibilities of 
pattern ing  the m aterials, overcoming the doping solubility lim its and 
being able to introduce virtually  any m etallic elem ent into any insulating 
m atrix  in  accurate quantities and a t fixed depths.
In  th is work, Ag-Si02 nanocomposites were synthesised by Ag 
im plantation into therm ally  oxidised Si02 layers. The SiC>2 was used as 
the insulating host m atrix  because of its excellent chemical and physical
50
C hapter 5 Ag-Si02 Nanocomposites
stabilities. Moreover, the simple and efficient fabrication process (therm al 
oxidation) and the well-characterised and fast etching process (HF etching) 
of the SiC>2 layer are beneficial for device fabrication. Ag is chosen for the 
m etallic nanoclusters because it has very good electrical and therm al 
conductivity, which are beneficial in FE device applications. Moreover, the 
im planted Ag ions do not react chemically w ith the Si02 m atrix  [5.9, 5.10] 
and the formation of nano-sized pure Ag clusters in silica w ith small Ag 
doses (IxlO 15 cm-2) has been reported [5.11]. Although, the contam ination 
of Ag could resu lt in  trap  state  creation ~0.36 eV below the Ec of Si, the ion 
im plantations can be preformed w ith a well-defined area  of devices to 
avoid contamination.
Furtherm ore, the study of m icrostructure and phase evolution of the 
ion-beam-synthesised m etal-Si02 nanocomposites under various 
fabrication conditions has been explored in the literatu re  [5.8-5.12]. The 
in teresting nonlinear optical properties of these layers, particularly  the 
enhancem ent of the optical K err susceptibility, m akes them  interesting 
for optoelectronic device applications. Hence, one may apply the existing 
inform ation for optimising the fabrication param eters to achieve the 
desirable m icrostructure for FE device applications.
Finally, creating the SiC>2 layer by therm al oxidation and 
subsequently creating the conductive clusters by m etal ion im plantation 
has the added benefit th a t the entire fabrication process is compatible 
w ith existing in tegrated  circuit technology. Therefore, vacuum 
microelectronic devices, using these metal-Si02 nanocomposites as 
cathode m aterial, have the advantage of possible in tegration w ith other 
circuit elem ents on a single chip.
5.2 Experim ents
SiC>2 layers were grown on n-type phosphorus-doped (100) Si wafers
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w ith a resistivity < 0.05 Qcm , using dry therm al oxidation a t 1000 °C for 
two hours. The thicknesses of these layers were checked by ellipsometry 
and determ ined to be 120 nm ± 10 nm, over a four inch wafer. The 
resulting layers were subsequently im planted w ith 110 keV Ag+ ions a t 
room tem perature, using a 200 kV ion im planter. The doses ranged from 
lx lO 16 Ag+/cm2 to 7 x l0 16 Ag+/cm2. The im plantation doses and the depth 
profiles of the Ag+ were determ ined by Rutherford backscattering 
spectrom etry (RBS) m easurem ents, w ith a 1.56 MeV 4He+ beam.
Pulsed laser annealing was preformed using a K rF Excimer laser 
(Lambda Physik LPX 210i) operating a t 248 nm under vacuum  conditions 
(< 4 x l0 2 Pa). For irradiations, a 4x4 mm2 uniform laser beam  w ith a pulse 
duration of 25 ns was used a t an  energy density of 250 m J/cm 2 per pulse. 
M ultiple pulses, 5, 10 and 20, a t same energy density were accum ulated 
onto the same area of the sample a t a repetition rate  of 1 Hz.
The FE properties of the samples were studied in a high vacuum 
chamber, w ith a base pressure better th an  SxlO4 Pa. The current-electric 
field (I-F) characteristics were m easured using a “sphere-to-plane” 
electrode configuration, w ith a 5 mm diam eter stainless-steel ball anode. 
The applied electric field was obtained by dividing the applied voltage by 
the gap distance (typically, 40 pm). The threshold field Fth, is defined as 
the field strength  where the emission current reaches 1 nA. The values of 
(3/®3/2 were determ ined from the corresponding Fowler-Nordheim (FN) 
plots, where (3 is the field enhancem ent factor and ® is the tunnelling 
b arrier (or work function in  the case of metal) in eV.
The surface morphology was studied using atomic force microscopy. 
The m icrostructure was characterised using Philips CM200 transm ission 
electron microscope (200kV accelerating voltage, LaBe electron source). 
The phase evolutions were studied using glancing incidence X-ray 
diffraction (XRD).
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5.3 Ag Ion D istributions
The partia l RBS spectra, showing the im planted Ag peaks of these 
samples, are plotted in  fig. 5.1(a) w ith a norm alised yield. The 
corresponding depth profiles of Ag are extracted from the NDF software 
and are shown in fig. 5.1(b). The resu lts are sum m arised in  Table 5.1 and 
are different from the SRIM sim ulation results (Chapter 4).
As shown in fig. 5.1(b), the shape of Ag depth profiles changed from 
the broaden G aussian distribution to the bimodal distribution. Moreover, 
the Ag profile shifted tow ard the surface w ith increasing dose. Except for 
the highest dose sample, which achieves a bimodal Ag distribution, the 
peak atomic concentration of Ag was lower th an  the sim ulation results 
and no significant shifts in the end edge profiles were observed. Finally, 
the w idth of the Ag profiles was much broader th an  th a t determ ined from 
SRIM sim ulations, which predict a full w idth half maxim um  (FWHM) of 
33 nm as shown Table 5.1.
The bimodal distribution is commonly observed in the high dose 
metal-Si02 layers [5.8, 5.10, 5.13] and cannot be fully explained by the 
‘pure’ concentration driven diffusion mechanism because it simply gives 
ripening or broadening of the depth profile. The bimodal distribution and 
the shifting of the profile towards the surface w ith increasing of dose 
indicate th a t directional diffusion processes were present during the 
im plantation. To discuss the Ag depth profiles of these samples, 
therm al-assisted and dam age-related diffusion is taken  into account.
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Fig. 5.1: (a) The RBS spectrum within the channels of Ag signal plotted in 
normalised yield and (b) the cori'esponding depth profiles of Ag atom of 
Ag-implanted SiOs layers.
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Dose
[x l016cnr2]
Actual dose 
[x l016cnr2]
Peak Cone, of Ag 
(RBS) [%]
Peak Cone, of Ag 
(SRIM) [%]
FWHM of Ag 
(RBS) [nm]
1 1.04 2.8 4 55
3 3.02 6.9 11 80
5 4.78 10.8 17 75
7 6.87 27.5 22 26
Table 5.1: The RBS and SRIM simulation results of Ag implantation on Si02.
During the im plantation, the im planted layer would be heated up by 
the ion beam  due to collisions between the energetic im planted ions and 
the ta rge t atoms. The fictive tem perature T f  (i.e. instantaneously  localised 
tem perature) was estim ated to be 3000 K for the m etal im plantation into 
quartz by Hosono [5.14]. This extrem ely high value of T f  is associated w ith 
the ‘therm al spike’ model of particle irradiation damage.
The im plantation is carried out in  a vacuum chamber, therefore, the 
therm al energy (heat) w ithin the specimen can only be effectively removed 
by the therm al conduction between the bottom of the specimen and the 
sample holder (stain steel). Moreover, the SiC>2 is a poor therm al conductor 
thus building a tem perature gradient across the im planted layer. Hence, 
the tem perature a t surface of the SiC>2 layer is much higher th an  th a t a t 
bottom of the SiC>2 layer.
The Ag is a fast diffusing atom in the SiC>2 m atrix  [5.15] and its 
localised diffusion ra te  (D) is dependent on the localised tem perature 
as D oc exp (-E A / kT) , where Ea is the activation energy, T is the 
tem perature and k is the Boltzm ann’s constant [5.16]. At the beginning of 
the im plantation, the Ag atom s seem to diffuse isotropically out from the 
peak region (Rp) in  response to the concentration gradient and th a t would 
lead to a symm etrically broadened profile. However, as long as the 
tem perature gradient existed in  the im planted layer, the diffusion ra te  of 
these Ag atoms in  the direction towards the surface would be higher th an  
th a t in  the direction tow ards the bottom. Hence, the existence of
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tem perature gradient across the im planted layer would broaden the depth 
profiles, asymmetrically.
On the other hand, diffusing Ag atoms could he easily trapped by 
defects (e.g. vacancies) in  the layers which were created by im plantation. 
In  general, most of the defects appeared a t the shallow region as compared 
w ith the peak of the dopant profile [5.8, 5.17]. According to the SRIM 
simulation, the peak of damage is located at a depth of 38 nm  beneath the 
surface and is narrow er th an  the F p (58 nm), in case of 110 keV Ag+ 
im plantation into SiC>2 layer. The slowly moving Ag atoms could be easily 
trapped by the defect clusters because the energy states of defect clusters 
are relatively low. And then, these Ag atoms could nucleate a t the sites to 
form Ag clusters. The Ag clusters were relatively difficult to m igrate as 
compared to loose Ag atoms. Therefore, Ag atoms would continuous flow 
from the i?p to the heaviest dam aged region even where there has been a 
maximum concentration of Ag. Hence, a bimodal distribution was 
achieved in the highest dose samples.
5.4 Phase Evolution
The phase evolution of the samples w ith respect to Ag doses was 
studied using glancing angle X-ray diffraction (XRD) and the results are 
shown in fig. 5.2. For the lowest dose (lx lO 16 Ag+/cm2) sample, only a 
background signal is observed, w ithout any peaks of silver or silver 
compounds. This indicates th a t the layer is likely to be in  a non-crystalline 
form or the size or concentration of crystalline particles is insufficient for 
the detection by XRD m easurem ents. However, the XRD spectra of the 
three higher dose sam ples show th a t the silver atoms exist in a neu tral 
sta te  because only four peaks corresponding to (111); (200), (220) and 
(311) planes of silver are present. Hence, the m easurem ent resu lts show 
th a t the im planted Ag ions exist in  a form of pure metallic clusters.
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Fig. 5.2: XRD spectra of the Ag-SiOs layers with different Ag doses.
5.5 Surface M orphology
The surface morphology of the samples was studied using atomic force 
microscopy (AFM). The AFM images are shown in fig. 5.3. The root mean 
square (r.m.s.) values of surface roughness were determ ined to be 0.5, 0.5,
1.1 and 6.5 nm for the samples w ith doses of 1.0, 3.0, 5.0 and 7 .0x l016 
Ag+/cm2, respectively. The surfaces of the three lower dose samples are 
very smooth, but a rougher surface with dense surface protrusions, is 
achieved a t the highest dose. This occurs due to more significant ion beam 
heating during im plantation with increasing dose which leads to more 
significant diffusion of Ag atoms as shown in RBS m easurem ents (fig. 5.1).
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Fig. 5.3: AFM micrographs showing the surface morphology of the samples with 
different Ag doses.
5.6 M ic ro s tru c tu re
In order to determ ine the m icrostructure of these samples and also to 
identify the state of the im planted Ag ions, cross-sectional TEM (XTEM) 
m easurem ents were performed. The results are shown in fig. 5.4-5.11. 
Although, the lowest dose sample showed a background signal in the XRD 
m easurem ent, the im planted Ag ions in all of these Ag-SiC>2 layers are in 
nanocluster form. The nanoclusters are identified to be pure crystalline 
FCC Ag nanoparticles by selected area electron diffraction and high 
resolution TEM m easurem ents.
The XTEM image and statistical cluster sizes distribution of the 
lowest dose sample are shown in fig.5.4. The Ag clusters w ith a maximum 
size (d) of 11 nm, in diam eter, were located a t the depth of 50-60 nm below 
the surface, which is near to the predicted project range (R v) predicted by
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SRIM. Furtherm ore, clusters w ith size less than  1 nm are distributed in 
the whole im planted layer. The average size of the Ag clusters and the 
corresponding deviation (Ad) are determ ined to be 4.8 nm and 1.5 nm, 
respectively.
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F ig . 5.4: (a) Bright field XTEM  micrograph of a sample implanted with l.OxlO16
A g/cm 2; (b) The statistic distribution of clusters size distribution.
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The high-re solution XTEM m icrographs of the lowest dose sample at 
top, middle and bottom of the layer, are shown in fig. 5.6. Near to the 
surface, the size of the Ag clusters is ~ 2 nm th a t is sm aller th an  the 
average value of 4.8 nm in  the whole layer. W ith increasing depth from 
surface, the average size and concentration of the Ag clusters is increased. 
Ag clusters w ith size about 6-8 nm are observed a t the middle of the layer. 
At the bottom region, the Ag cluster size is decreased to ~ 2.5 nm and 
concentration is much lower th an  th a t of the middle layer. Moreover, near 
to the interface between the im planted layer and Si substrate , a 1.25 nm 
thick layer of Ag precipitates is observed.
The size and concentration of the Ag clusters increased w ith 
increasing dose. The d  and Ad of the clusters of the sample w ith a dose of 
3 .0xl016 Ag/cm2were determ ined to be 6.2 and 2.4 nm, respectively. As 
seen from the high resolution XTEM in fig. 5.7 (a), the concentration of Ag 
nanoclusters a t the surface increased, which was desirable for the electron 
field emission. The m icrostructure of th is sample was sim ilar to the lowest 
dose sample bu t has an  asym m etry and broader size distribution as shown 
in fig. 5.6. The maximum cluster size was increased to 14 nm  and was 
located a t the depth of 50-60 nm under the surface sim ilar to the lowest 
dose sample as shown fig. 5.7. However, the size distribution peaks a t 4.5 
nm and th a t is sm aller th an  the average value of 6.3 nm in the whole layer 
as shown in fig. 5.6(b). The asymm etric cluster size distribution was 
a ttribu ted  to the formation of relatively small clusters a t the region above 
R p as compared to the clusters a t the region below Rp. I t would be more 
obvious w ith further increase of the dose.
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F ig . 5.5: High resolution XTEM  showing Ag clusters (a) near the surface; (b) at
the middle and (c) near the substrate, of a sample implanted with l.OxlO16
A g/cm 2.
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F ig . 5.6: (a) Brigh t field XTEM  micrograph of a sample implanted with 3.0xl016
A g/cm 2; (b) The statistic distribution of clusters size distribution.
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F ig . 5.7: High resolution XTEM  showing Ag clusters (a) near the surface; (h) at
the middle and (c) near the substrate, of a sample implanted with 3.0xl016
Ag/cm 2.
63
C hapter 5 Ag-Si02 Nanocomposites
When the dose further increased to 5 .0xl016 Ag+/cm2, the 
m icrostructure of the sample was obviously different from the lowest 
sample as shown in fig. 5.8 and 5.9. Two distinct features are observed in 
the sample w ith a dose of 5 .0x l016 Ag+/cm2 One is the appearance of dense 
Ag nanoclusters w ith size of ~3-4 nm at the surface of the layer and 
another is the coalescence of the Ag clusters located from 80 to 110 nm 
beneath  the surface. The clusters were aggregated to grow up to 20 nm. 
This leads to an  asymm etric and broad cluster size distribution as shown 
in fig. 5.8 (b). The d  and Ad  were determ ined to be 6.0 and 3.4 nm, 
respectively. The peak of the cluster size distribution was a t 4.5 nm .' 
Moreover, dense small clusters (~ 3-4 nm) appeared a t the surface layer as 
shown in fig. 5.9(a).
To discuss the micro structure of the higher dose samples in more 
detail, the cluster sizes and Ag atomic concentration of the sample w ith a 
dose of 5 .0x l016 Ag+/cm2 are plotted against the depth in fig. 5.10. 
Although the atomic concentration of Ag is approximately constant a t 
depths ranging from 40 to 90 nm beneath  the surface, the depth profile of 
cluster size is bimodal w ith larger clusters occurring near the bottom of 
the layer. The clusters located a t a depth of 80 nm under the surface 
achieve the maximum size of ~18 nm. In  contrast, the sizes of clusters 
located a t a depth of 45 nm under surface are ~7 nm.
During the im plantation, the sm all clusters would coalesce together 
to form a large cluster for minim ising the interfacial free energy as in the 
Ostwald ripening process. However, from a standpoint of kinetics, it is 
easier to nucleate m any sm all size clusters as compared w ith the 
formation of large size clusters. The coalescence of the Ag clusters is 
dependent on the concentration and the speed of the diffusing Ag atoms, 
and the num ber of the nucleation sites [5.18, 5.19].
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F ig .  5.8: (a) Bright field XTEM  micrograph of a sample implanted with 5.0xl016
A g/cm 2; (b) The statistic distribution of cluster size distribution.
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F ig . 5.9: High resolution XTEM  showing Ag clusters (a) near the surface; (b) at
the middle and (c) near the substrate, of a sample implanted with 1.0x1016
A g/cm 2.
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Fig. 5.10: The average clustej's size and Ag atomic concentration of the sample 
with a dose of 5.0xl016 Ag/cm 2 against depth.
The speed of diffusing Ag atoms a t the bottom layer is expected to be 
relatively low compared w ith the surface layer, because the lattice 
tem perature a t the bottom layer is much lower th an  th a t a t the surface as 
discussed in section 5.3. Moreover, only a few of the nucleation sites exist 
a t the bottom layer. Therefore, Ag atoms near the bottom layer prefer to 
coalesce together to form large clusters. On the other hand, there exists 
a large num ber of nucleation sites a t the surface layer and the diffusion 
ra te  of Ag is much higher. Hence, Ag atoms prefer to nucleate as many 
sm all clusters. Also, for the high dose im plantation, the large clusters 
located a t the surface could be broken up into small clusters by the drastic 
atom collision in the la te r stage of im plantation. Hence, the clusters a t the 
surface are sm aller th an  th a t a t the bottom.
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Fig. 5.11: (a) Bright field XTEM micrograph of a sample implanted with 7.0xl016 
Ag/cm 2; (b) The statistic distribution of cluster size distribution.
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By further increasing the Ag dose, the Ag clusters continuously 
coalesce together to form large clusters. The large clusters of the sample 
w ith a dose of 5 .0xl016 Ag/cm2 located a t a depth of 80 nm under the 
surface, had coalesced together to form a 10 nm thick Ag nanolayer w ith 
the dose increasing to 7 .0x l016 Ag/cm2 as shown in fig. 5.11(a). Moreover, 
the size of the clusters located around (above) the Rp was grown up to ~30 
nm, which lead to a decrease of the w idth of the Ag depth profile for the 
highest dose sample (table 5.1). The d  and Ad of the highest dose were 
determ ined to be 9.9 and 6.2 nm respectively, and the size of the clusters 
were ranging from 3 to 32 nm as shown in fig. 5.11(b).
On the other hand, Ag atoms diffused continuously towards the 
surface leads to an extremely high concentration of Ag nanoclusters and a 
dense protrusion structure a t the surface of the highest dose sample as 
shown in  the TEM (fig. 5.11) and AFM (fig. 5.3) m easurem ents. The dense 
Ag clusters a t the surface and the large Ag clusters a t the upper-middle of 
the Si02 layer could be effectively treated  as a continuous Ag nano-layer 
as shown in  fig. 5.11 (a).
5.7 FE Properties
The electron field emission (FE) characteristics of these Ag-Si02 
layers are shown fig. 5.12. The FE characteristics of a ‘bare’ Si02 layer are 
also included to show the effect of the introduction of Ag nanoclusters in 
SiC>2. The linear FN plots were achieved in these samples as shown in fig. 
5.12(b) which indicate th a t the emission of electrons were attribu ted  to the 
FN-type tunnelling process.
The variation of Fth and of p/®3/2 w ith respect to the Ag dose is shown 
in fig. 5.13 (a). The Fth of the ‘bare5 SiC>2 layer decreased from 204 V/pm to 
44 V/pm after Ag im plantation to a dose of l.OxlO16 Ag+/cm2. The Fth has 
further decreased to 20 V/pm when the dose of Ag was increased to
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3 .0xl016 Ag+/cm2, and, a tta ined  its  lowest value of 13 V/pm a t a dose of 
5 .0xl016 Ag+/cm2. However, increasing the dose from 5 .0xl016 Ag+/cm2 to 
7 .0x l016 Ag+/cm2 led to an  increase of F t h  to 28 V/pm. For the ‘bare5 Si02 
layers, the value of (3/®3/2 was determ ined to be 2.0, while after Ag 
im plantation, the values of p/®3/2 increased to 12.8, 22.5, 33.6 and 15.8 
eV'3/2, for the samples w ith  doses of 1.0, 3.0, 5.0 and 7 .0x l016 Ag+/cm2, 
respectively.
For the ‘bare5 SiC>2 layer, one m ight expect th a t the poor electrical 
conductivity of the oxide would prevent any FE a t all. However, it is not 
surprising to observe emission a t a field as low as 204 V/pm, due to 
conducting channels and surface protrusions, which can be created in the 
Si02, layer during the FE m easurem ents by dielectric breakdown 
processes [5.20]. The conducting channels and surface protrusions created 
local field enhancem ent on the SiC>2 layer, leads to an emission current 
from SiC>2 layers a t a relatively low electric field. In  fact, the aim of this 
work is to create conducting channels w ithin SiC>2 layers using the 
controllable im plantation process instead  of the random ised dielectric 
breakdown process. We also note th a t the I-F  curve of ‘bare’ SiC>2 layer 
showed in  fig. 5.12 is achieved after several conditioning field emission 
cycles. Surface destructions are observed after the FE m easurem ents in 
th is sample.
The five successive cycle m easurem ents taken  from the sample w ith a 
dose of 3 .0xl016 Ag+/cm2 are shown fig. 5.13(b) and are representative for 
all Ag-implanted samples. I t shows the absence of a conditioning cycle and 
the good repeatability  of the I-F  characteristics of the samples after Ag 
im plantation. Moreover, the surface of these Ag-SiC>2 layers did not show 
any obvious destruction after the FE m easurem ents, since formation of 
the Ag nanoclusters w ithin  SiC>2 layer directly provide conducting paths 
for the emissive electrons transporting  from the substrate. Hence, 
conditioning FE cycles (i.e. dielectric breakdown of the Si02) for creating
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conducting channels is avoided.
Moreover, when an external field is present, the mobile charges in  the 
layer will concentrate m ainly a t the boundaries of these localised 
conductive Ag clusters, due to the natu re  of the electrical conductivity 
difference between the Ag nanoclusters and the S1O2 m atrix. The electric 
field lines will term inate a t the mobile charge. This leads to a local electric 
field enhancem ent due to the electrical inhomogeneity. Hence, the Fth of 
the ‘bare’ SiC>2 layer decreased from 204 V/pm to 44 V/pm after Ag 
im plantation of a dose of l.OxlO16 Ag+/cm2, although the Ag im planted 
layer has an  atomically smooth surface. As shown in fig. 5.5(b), when the 
Ag dose is increased, the concentration of the Ag clusters is also increased. 
Moreover, more Ag nanoclusters appeared a t the emission surface, 
because of the diffusion of Ag atoms during im plantation. Hence, Fth  
further decrease to 20 V/pm, when the dose of Ag was increased to 
3 .0xl016 Ag+/cm2, and a tta ined  its lowest value of 13 V/pm a t a dose of 
5 .0xl016 Ag+/cm2, w ith an  increased num ber of field emission sites and the 
num ber of emission conducting paths.
However, by further increasing the Ag dose, the Ag clusters coalesced 
together to form large clusters and more Ag atoms diffused tow ard the 
surface, which finally led to the creation of an relatively continuous layer, 
as shown in XTEM image of the highest dose sample in fig. 5.11 (a). Hence, 
the local field enhancem ent due to the electrical inhomogeneity effect 
decreased. At the same time, more Ag atoms diffused to the surface from 
the projected range region w ith  increasing Ag dose which led to the 
formation of dense surface-protrusion structure in  the highest dose 
sample as shown in  fig. 5.3 (d). The dense surface-protrusion structure 
provides a geometric local field enhancem ent for the highest dose sample. 
But th is effect can only partia lly  counter-balance the decreased 
contribution of the electrical inhomogeneity field enhancem ent. Hence, Fth 
increased to 28 V/pm from the optimised value of 13 V/pm when the dose
71
C hapter 5 Ag-SiCh Nanocomposites
increased from 5 .0x l016 Ag+/cm2 to 7 .0x l016 Ag+/cm2. However, this is still 
better than  the value of 44 V/pm of the lowest dose sample, which has a 
smooth emission surface and a small am ount of isolated Ag nanoclusters.
10 20 30 40 50 60 70 80 90 200300400
F [V/um]
-16 
-18 
-20 
-22 
I  -24
CM
Li.
^  -26 c  
-28 
-30
(b)
10 20 30 40 50
1000/F [pm/V]
"bare" S i0 2
. 1 6  -21x10 cm"
60 70 80
Fig. 5.12: The electron emission characteristics of the Ag-implanted SiOs layers: 
(a) The I-F characteristics and (h) the corresponding FN plots.
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Fig. 5.13: (a) The variation of Fth and p/dP8'2 against Ag dose, showing an 
optimum values at an implantation dose of 5xl016 Ag^/cm2; (b) Five successive I-F 
cycles of the sample with a dose of 3.0xlO16 Agfi/cm2.
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5.8 Pulsed Laser A nnealing
Pulsed laser annealing, w ith  various num ber of laser pulses, was 
preformed on the highest dose sample (7.0xl016 Ag+/cm2) to improve the 
FE properties because the modification of the Ag cluster size in glass and 
evaporation of the Ag atoms from the glass substrate by pulsed laser 
annealing has been reported [5.21-5.23].
The surface of all annealed samples is very smooth as shown in  fig.
5.14. The r.m.s. values of surface roughness were determ ined to be 1.3, 1.4 
and 1.1 nm for the samples after annealing w ith 5, 10 and 20 laser pulses, 
respectively. Hence, the surface protrusions for geometric local field 
enhancem ent in  the as-im planted sample, whose surface roughness was ~
6.5 nm, have now disappeared.
The electron FE properties of the highest dose samples before and 
after annealing are shown in  fig. 5.16. At first, the Fth increases to 104 
V/pm from 28 V/pm of the as-im planted sample after annealing w ith 5 
laser pulses. However, annealing w ith 10 laser pulses has decreased the 
Fth to 16 V/pm. Finally, the Fth slightly increases to 35 V/pm after 
annealing w ith 20 laser pulses. Moreover, compared w ith linear FN plot of 
the as-im planted sample, the annealed samples show non-linear FN plots 
as in fig. 5.16(b).
The m icrostructure of these annealed samples was studied by XTEM 
and the resu lts are shown in fig. 5.15. As seen from the XTEM images in , 
fig. 5.15, the laser pulses have broken the Ag precipitates layer a t the 
bottom of the SiC>2 layer, and, also have led to a coalescence of the Ag 
clusters and a reduction of the Ag cluster concentration. The energy of the 
laser pulses is alm ost completely absorbed by the clusters as the SiC>2 is 
tran sp aren t for the UV laser. The localised tem perature of the Ag 
nanoclusters could rise to several thousands Celsius by the laser pulses
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and keep th is extrem ely high tem perature for a period comparable to the 
duration of laser pulse (25 ns) [5.23].
Fig. 5.14: A F M  m i c r o g r a p h s  s h o w i n g  t h e  s u r f a c e  m o r p h o l o g y  o f  t h e  h i g h e s t  d o s e  
s a m p l e s  a f t e r  a n n e a l i n g  w i t h  ( a )  5 , ( b )  1 0  a n d  ( c )  2 0  l a s e r  p u l s e s .
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Fig. 5.15: B r i g h t  f i e l d  X T E M  m i c r o g r a p h  o f  t h e  h i g h e s t  d o s e  s a m p l e  a f t e r  
a n n e a l i n g  w i t h  ( a )  5  a n d  ( b )  1 0  l a s e r  p u l s e s .
Hence, Ag atoms can diffuse as in the liquid phase during the 
duration of the laser pulse. They can easily coalesce together to form large 
clusters and diffuse out from the peak concentration region and even 
evaporate out from the layer. The diffusion length of the Ag atoms was 
estim ated to be -1 0  nm per laser pulse [5.26]. However, the dense Ag 
clusters of the sample annealed with 5 laser pulses does not seen to have 
adequate time to diffuse out from the surface of nano-layer and the 
segregation of the small clusters too few to reduce the to tal num ber of Ag 
clusters as shown fig. 5.15(a). The concentration of Ag nanoclusters at 
surface was still high enough to screen out the external field, resulting in 
the worsening of the FE properties, w ith Fth of 104 V/pm. With the 
increm ent of laser pulses to 10, the density of Ag clusters has continued to 
decrease and part of the Ag atoms was evaporated from the sample as 
shown fig. 5.15(b). As a result, the electrical inhomogeneity local field 
enhancem ent increased, hence Fth decreased from 104 to 16 V/pm. A 
further increase in the num ber of laser pulses makes the concentration of 
Ag clusters to decrease further and makes more Ag atoms to evaporate 
from the Si02 m atrix as confirmed by the RBS m easurem ents. Hence, 
reduce the electrical inhomogeneity effect in the sample and these lead Fth 
increase from 16 to 35 V/pm.
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Fig. 5.16: T h e  F E  c h a r a c t e r i s t i c s  o f  t h e  h i g h e s t  d o s e  s a m p l e  ( 7 . 0 x 1 0 16 A g + Z c m 2)  
a f t e r  p u l s e d  l a s e r  a n n e a l i n g  f o r  a  d i f f e r e n t  n u m b e r  o f  p u l s e s :  ( a )  I - F  
c h a r a c t e r i s t i c s , a n d , ( b )  F N  p l o t s .
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On the other hand, the electrical connectivity between the Ag clusters 
would degrade w ith the increase of separation between the clusters after 
laser annealing. Hence, the electron emission process of annealed sample 
is divided into two steps. The first step is the transport of electrons from 
the electron source (i.e. Si substrate) to the emission sites (i.e. Ag 
nanoclusters a t the surface). The second step is the tunnelling of electron 
from the emission sites to the vacuum  as shown in FE process of Si-SiO* 
nanocomposites [5.24].
The tunnelling process can be described by the FN equation. The 
tunnelling current ( I f n )  is dependent on the local electric field strength  
(F io c ) on the emission surface as I f n  °c exp(-l/Fi0C). At same time, the 
transport process w ithin the nanocomposite layer was lim ited by electron 
conduction a t SiC>2 layers between the Ag clusters. The electrical 
conductivity in the SiC>2 layers (insulator) is proportional to the num ber of 
the free electrons w ithin the layer. The free electrons in  the SiC>2 layers 
were generated by field-assisted therm al ionisation, thus, the electron 
conduction could be described by the Poole-Frankel (PF) mechanism [5.25]. 
The conduction current I p f  was dependent on electrical field strength  (FW) 
w ithin the layer, which was proportional to the Fioc, therefore, I p f  °c 
exp^Fioc) [5.25]. The resu ltan t emission current (I) was governed by either 
FN tunnelling or PF  conduction, dependent on which gives the minimum 
value of current.
When the F\oc was small, I f n  was expected to be sm aller th an  I f p , 
hence, the emission current was governed by FN tunnelling. Therefore, a 
linear FN plot was achieved in  the sample after annealing w ith 10 laser 
pulses a t the low field region as shown in fig. 5.17(a). The value of (3/®3/2 is 
determ ined to be 26.3 (at the low field region) and is higher th an  15.8 of 
the as-im planted sample.
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Fig. 5.17: T h e  I - F  c h a r a c t e r i s t i c s  o f  t h e  h i g h e s t  d o s e  s a m p l e  a f t e r  a n n e a l i n g  w i t h  
1 0  l a s e r  p u l s e s :  ( a )  F o w l e r - N o r d h e i m  p l o t  a n d  ( b )  P o o l e - F r e n k e l  p l o t .
79
C hapter 5 Ag-Si02 Nanocomposites
However, the ra te  of the increase of exp(-l/Fi0C) is much faster th an  
th a t of exp(VFioc) in respect to the increase of field strength. Hence, the 
value of I f n  would quickly exceed the value of I p f  and the emission current 
was lim ited by I p f  (i.e. the supply of electrons from the source to emission 
sites). Thus, a linear PF  plot was achieved a t the high field region instead 
of the linear FN plot a t the low field region as shown in  fig. 5.17(b) for 
sample after annealing w ith 10 laser pulses. Such reasons could give an 
explanation for the non-linear FN plots in the laser-annealed samples. 
Finally, the most obvious non-linear FN plot is given by the sample 
annealed w ith 10 laser pulses, because it has the m aximum value of local 
field enhancem ent.
5.9 Conclusion
The fabrication process and FE properties of the Ag-SiCb 
nanocomposite layers, which are potential candidates for FE device 
applications, is reported. These nanocomposites were synthesised by Ag 
im plantation into therm ally oxidised SiC>2 layers and the whole process is 
compatible w ith existing in tegrated  circuit technology. Moreover, they 
exhibit good FE properties w ith threshold fields as low as 13 V/pm for an 
im plantation dose of 5 x l0 16 Ag+/cm2. The FE m echanism in these layers is 
discussed and associated w ith  two types of local enhancem ent mechanism, 
namely, the electrical inhomogeneity and the surface morphology effect. 
Finally, it is dem onstrated th a t the FE properties of the samples could be 
fu rther improved by pulsed laser annealing. The Fth of the highest dose 
(7x l016 Ag+/cm2) sample was improved from 28 V/pm to 16 V/pm by laser 
annealing. The origin of the non-linear FN plots achieved from the 
annealed samples is discussed, associated w ith a two-step emission 
process including the FN tunnelling a t the emission sites and the PF 
conduction w ithin the nanocomposite layer.
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6.1 Introduction
The operational speed of solid-state electronic devices is lim ited by 
the saturation  velocity of electrons (~105 ms*1) due to lattice scattering, 
while the electron velocity in vacuum  can approach the speed of light 
(3xl08 ms4). Hence, vacuum  microelectronic devices are attractive for 
high-speed and high-frequency applications [6.1]. Electron field emission 
(FE) m aterials can be used to fabricate these devices [6.2]. The amplifier 
and oscillator are two key components for high-speed electronics, both of 
which require an element, such as a resonant tunnel diode (RTD), to 
provide negative differential conductance (NDC) for operation. Hence, 
quantum -well (QW) structures showing NDC in their FE process are 
extremely promising and have attracted  a lot of research in terest [6.3-6.7].
Most of these studies were focused on the GaAs or Si-based quantum  
well systems, perhaps because of the early success of applying these 
m aterials in RTDs. Litovchecko et al. have performed a computer 
sim ulation on a m ultilayered cathode, which consists of u ltra  th in  
Si02-Si-SiC>2 m ultilayer on Si and have observed the NDC from the FE 
m easurem ents and found th a t the emission current density exceeded the 
value of the conventional single layer cathodes w ith optimised layer 
thicknesses [6.4]. Semet et al. have m easured the FE from a surface 
(n-type SiC) covered w ith two u ltra  th in  semiconductor layers (AlN/GaN 
heterostructure). W ithout the consideration of local field enhancem ent 
effect, an  effective surface tunnelling barrier (®) 0.5 eV is achieved in the 
m easurem ents [6.5]. Isgida et al. have proposed an idea of AlN/GaN 
m ultiple-barrier resonant tunnelling electron em itter [6.6]. Wang et al. 
have developed a self-consistent quantum  model to investigate the 
s tructural enhancem ent m echanism  of FE from m ultilayer semiconductor 
films [6.7]. Their calculated results, using structures reported by Semet et
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al., show th a t FE characteristics can be rem arkably improved only by 
structu ra l modulation [6.7]. However, the fabrication processes of these 
m aterials (e.g. low-pressure m etal organic chemical vapour deposition for 
GaN) are expensive and require a high process tem perature.
In  th is work, the FE properties of band gap m odulated amorphous 
carbon (a-C) nanostructures using pulsed laser ablation (PLA) of a 
graphite targe t a t room tem perature are studied. We show the NDC and 
the switching effects in  the FE m easurem ents. This work is inspired by 
the tuneable electron band gap of the a-C system and by the outstanding 
physical properties of carbon related  m aterials, such as high electron 
mobility, high breakdown field, high therm al conductivity and low 
threshold fields for electron emission [6.8, 6.9].
6.2 Sam ple Preparation and Characterisation
The a-C layers were prepared by the laser ablation of a graphite 
ta rge t (99.999% purity) using a 248 nm  pulsed UV Excimer laser (Lambda 
Physik LPX 210i) in  a vacuum  cham ber (~ IGF7 mbar). The substrates used 
were n-type (100) Si wafers (resistivity < 0.05 Qcm), w ith  sample growth 
w ithout any substrate heating. The electron band gap of the a-C layers is 
dependent on the ratio  between the sp2 and sp3 bonding, which can be 
controlled by the laser fluence [6.8, 6.9].
In  th is work, two distinct a-C layers were used to construct the a-C 
based quantum  confined structures: one is the sp3 rich a-C layer (85 % sp3, 
Eg ~2.8 eV) using laser fluence of 20 J/cm2 and another is the sp2 rich a-C 
layer (50% sp3, Eg ~1.5 eV) using laser fluence of 4 J/cm 2. We denote the 
sp3 rich a-C layer as “sp3 layer” and the sp2 rich a-C layer as “sp2 layer” in 
the following text. M ulti-layered a-C nanostructures of various 
arrangem ents of the sp2 and the sp3 layers (up to three layers) w ith 
different thicknesses were synthesised. The structu ra l param eters of
82
C hapter 6 Band Gap M odulated a-C Nanolayers
these samples are sum m arised in Table 6.1 and the structures are 
schematically shown in fig. 6.3.
Structure Top (Surface) Middle Bottom
sp2-Si 6 nm-sp2 X X
sp3-Si 6 nm-sp3 X X
sp2-sp3-Si
3 nm-sp2 3 nm-sp3 X
4 nm-sp2 3 nm-sp3 X
6 nm-sp2 3 nm-sp3 X
sp 3-sp2-Si 3 nm-sp3 3 nm-sp2 X
sp3-sp2-sp3-Si 4 nm-sp3 3 nm-sp2 4 nm-sp3
Table 6.1: T h e  s t r u c t u r e  p a r a m e t e r s  o f  t h e  a - C  n a n o s t r u c t u r e s .
The surfaces of these samples were atomically smooth and the 
minimum to maximum surface morphology is less th an  1.0 nm, as 
determ ined from the corresponding AFM m easurem ents. The AFM 
m easurem ent results of sp2-sp3-Si sample, where the thickness of s p 2 and 
s p 3 layers is also 3 nm, is shown in fig. 6.1 and is representative for all 
samples.
y [nm]
Fig. 6.1: ( a )  T h e  A F M  m i c r o g r a p h  a n d  ( b )  C r o s s - s e c t i o n a l  a n a l y s i s  o f  t h e  A F M  
i m a g e  o f  s p 2- s p 3- S i  l a y e r  w h e r e  t h e  t h i c k n e s s  o f  s p 2 a n d  s p 3 l a y e r  i s  a l s o  3  n m .
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The m icrostructure of these samples was studied by cross-sectional 
transm ission electron microscopy (XTEM). Moreover, using a G atan 
imaging (energy) filter in a transm ission electron microscope, we are able 
to collect the spatial inform ation in parallel w ith the electron energy loss 
information which is denoted energy loss spectroscopic profiling (ELSP). 
The details of ELSP study on the a-C layers synthesised from our laser 
ablation system can be found in reference [6.10] and [6.11].
eV eV
Fig. 6.2 : T h e  e q u i v a l e n t  E S P L  i m a g e  o f  ( a )  l o w  l o s s  s p e c t r a  s h o w i n g  t h e  s i l i c o n  
a n d  c a r b o n  p l a s m o n  p e a k s  a n d  ( b )  h i g h  l o s s  s p e c t r a  s h o w i n g  t h e  d i s t i n c t i v e  s h a r p  
I s  - r f  t r a n s i t i o n  p e a k  o f  t h e  c a r b o n  K - e d g e  f o r  t h e  s a m p l e  w i t h  s p 3- s p 2- s p 3- S i  
s t r u c t u r e .
The ESPL images of the sp3-sp2-sp3-Si are shown in fig. 6.2. In the 
jc-direction, the images contain the energy loss information and in 
y-direction, it contains the spatial information. The fraction of sp2 bonding 
in each of the a-C layers was calculated from the C K-edge in high energy 
loss spectra referring to a standard  100% sp2 bonded sample (pure 
graphite). The sp2-fraction was determ ined to be -50% and -15% for the 
sp2 and sp3 layers, respectively. The tunnelling effective electron m ass in 
th is structure was investigated by the carbon plasmon energy peaks in fig. 
6.1(a). The effective m ass was determ ined to be ~0.067mo [6.10, 6.11], 
where mo is free electron m ass and is consistence with the current-voltage
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m easurem ents on th is structure  [6.12]. Moreover, as shown in  fig. 6.2, the 
interface between the sp2 and sp3 layers is seen to be sufficiently smooth to 
allow well-defined quantum  sta tes to exist a t the interface and the 
thickness fluctuations of the a-C layers are significantly less th an  the 
thickness of the layers. The thickness of the sp2 and sp3 layers was 
determ ined to be 3.0 and 3.8 nm, respectively.
Figure 6.3 shows the proposed electron energy band diagram  of 
these a-C nanostructures. An asym m etric QW is achieved in  the sp2-sp3-Si 
and the sp3-sp2-sp3-Si structures. In  both of them, the sp2 layer serves as 
the “well” layer and the sp3 layer serves as the bottom barrier w ith a 
b arrier height of 0.65 eV. However, the top of sp2 ‘well’ layer in the 
sp2-sp3-Si structure is bound by a vacuum barrier of 4.0 eV (electron 
affinity of carbon). On the other hand, for the sp3-sp2-sp3-Si structure, 
the top of the sp2 ‘well’ layer is bound by another sp3 layer w ith  a barrier 
height of 0.65 eV and th is sp3 layer is fu rther bound by a vacuum  barrier 
of 4.0 eV. The single layered (sp2-Si and sp3-Si) and sp3-sp2-Si structures 
are control structures to identify the unique FE properties from the a-C 
based electron confinement structures.
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(a) sp2-sp3-Si
Vacuum level
t A *
(b) sp3-sp2-Si
Vacuum level
~ 4.0 eV ~ 4.0 eV
1
0.65 eV -  0.65 eV E,
i X
(c) sp3-Si
Vacuum level
~ 4.0 eV
1
-  2.8 eV
(d) sp3-sp2-sp3-Si
Vacuum level
Vacuum level
Fig. 6.3: E l e c t r o n  e n e r g y  b a n d  d i a g r a m  o f  ( a )  s p 2- s p 3- S i ,  ( b )  s p 3- s p 2- S i , ( c )  s p 3- S i  
a n d  ( d )  s p 3- s p 2- s p 3- S i  s t r u c t u r e s .  ( T h e  b a n d  d i a g r a m  o f  s p 2- S i  i s  o m i t t e d  b e c a u s e  
i t  i s  s i m i l a r  to  t h a t  o f  s p 3- S i  b u t  w i t h  a  1 .5  e V  b a n d  g a p . )
The FE properties of the samples were studied a t room tem perature 
in a high vacuum chamber w ith a base pressure better th an  5xl0  4 Pa. The 
current-field (.I-F) characteristics were m easured using a “sphere-to-plane” 
electrode configuration, w ith a 5 mm diam eter stainless-steel ball anode. 
The m easurem ents were preformed on different areas of each sample and 
repeated three tim es to check the homogeneity and repeatability of each 
sample. The applied electric field was obtained by dividing the applied 
voltage by the gap distance.
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6.3 Results and D iscussion
The I-F  characteristic of the sample with a quantum  well structure 
of sp2-sp3-Si is plotted on a logarithm ic scale in fig. 6.4, where the 
thickness of the sp2 and sp3 layers is also 3 nm. The characteristics of th is 
sample are very different from the conventional Fowler-Nordheim (FN) 
type-tunnelling curve. Negative differential conductance (NDC) w ith a 
peak a t the field (Fp) of 15 V/pm and an abrupt increasing of emission 
current over 4 orders of m agnitude swing (switching effect) a t a field (Fs) 
of 25 V/pm is observed, w ith anode gap distances of 30 and 40 pm, a t 
different regions of the same sample for five successive m easurem ents. 
These results suggest th a t the characteristics of the sp2-sp3-Si and 
sp3-sp2-sp3-Si structures do not originate from a conditioning effect in the 
a-C films. Besides, discrete current peaks are observed in  field region 
between the Fp and Fs.
The I-F  characteristics of the structure of sp2-sp3-Si w ith 4 and 6 
nm thick sp2 layer are shown in fig. 6.5(a) and the variation of Fp and Fs, 
w ith respect to the thickness (w) of the sp2 layer is shown in fig. 6.5(b). 
Moreover, increasing of w leads to the appearance of satellite NDC peaks 
between Fp and Fs. Two small satellite NDC peaks are observed in the 
sample w ith 6 nm thick sp2 layer.
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Fig. 6.4: The I-F characteristics of the sp2-sp3-Si structure (both of the sp2 and sp3 
layers are 3 nm thick) with (a) anode distance of 30 and 40 pm; (b) the first and 
fifth I-F cycle with anode distance of 40 pm (Insert shows the energy band 
structure of the sample).
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Thickness of sp2 layer [nm]
Fig. 6.5: (a) The I-F characteristics of the sp2-sp3-Si structure with 4 and 6 nm 
thick sp2 layer (Insert shows the energy hand structure of the sample); (b) 
variation of Fs and FP against the width of sp2 layer in the sp2-sp3-Si structure.
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Fig. 6.6 : The FE characteristics of control samples (a) I-F characteristics (Inserts 
show the energy band structures of the sp2-Si and sp3-sp3-Si) and (b) the 
corresponding FN plots.
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On the other hand, the FN plots of the control sam ples approximate 
to a straigh t line indicating the existence of FN-type tunnelling as shown 
in fig. 6.6(b). The values of (3/®3/2 were determ ined to be 8, 10 and 11, for 
the sp2-Si, the sp3-Si and the sp3-sp2-Si structures, respectively. However, 
sm all NDC peaks were also observed in the sp3-Si and sp3-sp2-Si structure 
as shown fig. 6.6(a) although, these NDC peaks are not as obvious as th a t 
of the sp2-sp3-Si structure.
We propose th a t the FE characteristics of these structures can be 
attribu ted  to resonant tunnelling across the QW structure. At first, we 
shall discuss the FE characteristics of the sp2-sp3-Si structure and then 
discuss the FE characteristics of the control structures (i.e. sps-sp2-Si, 
sp3-Si and sp2-Si). Finally, the FE characteristics of the sp3-sp2-sp3-Si 
structure are also given and discussed.
As shown schematically in fig. 6.3(a), the conduction band minima 
(Ec) of the sp2 layer of the sp2-sp3-Si structure was split by the electron 
quantum  confinement effect and creates a sub-band Ei. As the thickness 
of the sp2 rich a-C layer is only a few nm in thickness and E z is -1 .5  eV, 
the applied electric field can effectively penetrate through the sp2 layer 
and fully deplete this th in  semiconductor film. The fully depleted sp2 a-C 
layer could create electric fields much greater th an  the macroscopic field 
external to it [6.13-6.15]. Sim ilar to the space charge induced band 
bending model for amorphous m ateria ls in which the Si substrate acts as 
the electron source [6.13-6.15], Semet [6.5] and Wang [6.7] proposed an 
identical hypothesis for GaN based double layered structures. We 
postulate electron injection from Si into the sp2 “well layer”, through the 3 
nm thick sp3 layer by field penetration. This then  allows for electrons to 
accumulate in  the sub-energy levels in sp2 layer, which can be em itted 
under the right conditions. Although, the accumulation of electrons in the 
sp2 well will screen out the external field and reduce the field penetration, 
th is space charge concentration in the sp2 layer will give a space potential
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and create an upward energy band bending in the sp2 layer as shown in fig. 
6.7(a) a t the front positive end of the sample.
Fig. 6.7 The electron band structure of (a) sp2-sp3-Si and (b) sp3-Si in presence of 
external field.
We followed the derivation from Semet et al [6.5] for an ideal QW 
structure (i.e. perfect confinement structure) to estim ate the a ttributed  to 
space charges induced band benching effect. The density sta te  of the two 
dimension electron system is expressed as D(E) = 'Li(m*/nh2)5(E-Ei), where 
m* is the effective m ass of electron, h is the reduced Planck’s constant and 
Ei is the ith sub-energy level of the confinement structure. Hence, the 
electrons can accumulate in the first sub-energy level (E\) of the QW up to 
(m*/nh2)(Ei-E2). The distribution p(x) of these accum ulated electrons can 
be expressed as -en  I v|/(x) I 2, where e is the charge of electron and \\t is the 
electron wave function of E\. The y  for an ideal QW of width w 
is y/2/w sin(nx/w). The space potential energy (Vsc) by the electrons 
accum ulated in the first sub-energy level (E\) can be achieved by solving 
the Poission’s equation V2Vsc= -p/s, where e = cosr is the dielectric constant 
of the ‘well’ m aterial, and is expressed as:
Vsc= (po/4eosr){(u;/7i)2[sin2(7iJc/u;)]+u;ji£:-Jc2} (6.1)
92
C hapter 6 Band Gap M odulated a-C N anolayers
where, po = 2 m*e(E2-Ei)/(wnt?). The E 2 -Ei of an amorphous carbon 
quantum  well, where the well is an  sp2 layer and the barriers are 4 nm 
thick sp3 layers, is determ ined to be 0.45 eV (Ei -  0.2 eV and E2 = 0.65 eV) 
for the effective m ass m* ~ 0.067, sr ~ 4 and w = 3 nm by current-voltage 
modelling and is confirmed by the current-voltage m easurem ents [6.12]. 
Hence, the average value of the band bending in the sp2 layer, a ttribu ted  
to the space potential, is ~ 0.2 eV and is comparable to E\. When Ec of the 
Si substrate  is aligned w ith the first confined energy E\ by this band 
bending, resonant tunnelling can occur and hence the emission current 
will increase. However, w hen the field (> Fp) is fu rther increased, the 
energy level E\ will align w ith the forbidden gap of the Si substrate. Hence, 
the condition of resonant tunnelling disappears and the emission current 
decreases w ith increase of electric field, and hence, NDC is observed. The 
appearance of discrete current peaks between the Fp and Fs could be 
attribu ted  the trap  sta te  or defect sta te  in the forbidden gap of the Si 
substrate.
However, as the field is fu rther increased, a t a higher empirically 
predicted value Fs, the valence band maxima (Ev) of the Si substrate will 
be aligned w ith energy level Ei. Resonant tunnelling can then  once more 
commence and therefore an  abrupt increase in the emission current is 
achieved. Since the electron concentration in the valence band is very high 
(as it is nearly a full band), the condition for resonant tunnelling is still 
valid w ith further increase in the electric field. The increase of the 
thickness of sp2 “well” layer allows more sub-energy levels to exist in  the 
“well”, hence, lead further of satellite NDC peaks. Identical a-C structures 
should be fabricated on p-type silicon substrates (or other substrate 
m aterials) to verify the above discussion as future work.
As shown in fig. 6.5(b), Fp and Fs are monotonically increasing 
w ith w idth (w) of the well (sp2 layer). However, it is expected th a t Fp and 
Fs should monotonically decrease with, w, as E \ oc llw 2 for an  infinite QW.
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Such a reduction could be the resu lt of a decrease in  field penetration as 
the thickness of the sp2 layer increases and the dependence of the local 
field enhancem ent on thickness of the a-C layer [6.13] is a possible 
explanation. Although the layer-thickness effect on the FE properties of 
sp2-sp3-Si structure is not as clear yet, it shows the possibility of tailoring 
the position of the resonant tunnelling peak, Fp, and switching-on field, Fs, 
by varying the layer thickness.
On the other hand, although the FN plots of the control samples 
(sp2-Si, sp3-Si and sp3-sp2-Si) approximate to a straigh t line, indicating the 
dominance of FN-type tunnelling in the emission process, non-obvious 
(small) NDC peaks may also be present in  their I-F  curves as shown in  fig.
6.6. In  fact, sim ilar I-F  characteristics were reported from em itters w ith 
an u ltra-th in  (< 10 nm) dielectric coating [6.4, 6.16]. I t  is generally 
believed th a t the observation of NDC peaks in u ltra-th in  dielectric coated 
em itter is possibly attribu ted  to the formation of a triangu lar QW by the 
external field penetration onto the dielectric m aterials [6.4, 6.16, 6.17]. 
The external field penetrates through the dielectric layer and creates an 
upw ard energy band bending on dielectric layer. Hence, an electron 
confinement structure is created and is approximated as a triangu lar 
quantum  well as shown in fig. 6.7(b). Resonant tunnelling can occur in 
th is triangular QW structure leading to the appearance of NDC peaks in 
FE process.
For the sp2-Si and sp3-Si structures, a 6 nm thick, either sp3 rich or 
sp2 rich, a-C film is deposited on silicon substrates. Moreover, if the 
middle sp2 layer of the sp3-sp2-Si structure is trea ted  as an  electrically 
conductive buffer layer, it can he also treated  as a 3 nm thick sp3 rich a-C 
film coated on a conductive substrate . Therefore, triangu lar QW is created 
in these structures under the presence of external field. However, 
different from the sp2-sp3-Si structure where a 3 nm thick sp3 layer serves 
as the bottom potential barrier, the bottom barrier of the triangu lar QW in
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the sp3-Si (or sp2-Si) is bound by a potential barrier junction between the 
a-C layer and silicon substrate. As in the discussion for the sp2-sp3-Si 
structure, the external field can effectively penetrate through th is th in  
a-C layer and fully deplete the a-C layer; hence, the w idth of th is junction 
barrier is extremely thin. It is insufficiently thick to allow well-defined 
bound quantum  states, thus the bound electrons in these control samples 
are only loosely confined. Hence, in  addition to the resonant tunnelling 
(coherent tunnelling) due to the occupation of electrons a t the sub-energy 
levels in  triangu lar QW (a-C layer), electrons occupying these sub-energy 
levels can easily escape to the vacuum  via the usual FN tunnelling, 
resulting in  emission current. Therefore, the to tal emission current of the 
control samples appear to have sm all NDC peak and show roughly a 
linear FN plot.
Finally, the FE characteristics of the sp3-sp2-sp3-Si structure are 
shown in fig 6.8 and are sim ilar to th a t of the sp2-sp3 structure. However, 
as compared w ith single NDC peak of the sp2-sp3-Si structure whose sp2 
(“well”) layer is also 3 nm thick, two NDC peaks are clearly observed in 
the sp3-sp2-sp3-Si structure a t positions of ~57 and 70 V/pm, respectively.
We speculate th a t these NDC peaks characteristics could be 
attribu ted  to as follows. The sp3-sp2-sp3-Si contains two QW structure: one 
is the square QW w ith the sp2 layer as the ‘well5, which is bound by the sp3 
layers. Another is the triangu lar QW a t surface sp3 layer a ttribu ted  to 
band bending. These two QW structures are separated by the interface 
potential barrier between the sp2 layer and sp3 layer, and the barrier is 
extrem ely th in  due to the strong in terna l field. Hence, the decay length of 
the wave functions in these quantum  wells is possibly comparable w ith 
the w idth of the interface potential barrier. Hence, the energy of the 
lowest sub-energy level in these wells is split into two degenerate sta tes by 
the coupling between the wave functions in these wells, leading to double 
NDC peaks [6.17].
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10%
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Fig. 6.8 : The I-F characteristics of the sp3-sp2-sp3-Si structure where the sp3 layers 
are 4 nm thick and sp2 layer is 3 nm thick(Insert shows the energy band structure 
of the sample).
6.4 Conclusions
In summary, we dem onstrate negative differential conductance and 
switching effects in electron field emission from a-C based quantum  
confined structures (sp2-sp3-Si). The positions of the NDC and the 
switching fields are dependent on the thickness of the sp2 layer. As the 
thickness of the sp2 layers increases from 3 to 6 nm, the F p and Fs increase 
from 15 to 39 V/pm and from 25 to 56 V/pm, respectively. These 
anomalous FE properties in term  of the resonant tunnelling effect could be 
useful for high-speed electronics such as oscillators and fast switching 
devices, which makes a-C very attractive as a large area electronic th in  
film.
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7.1 Introduction
When the physical size of a solid is reduced in one or more dimensions, 
its physical and chemical properties can be dram atically altered due to the 
quantum  confinement effects. Moreover, the changes of properties can be 
tailored by controlling the size and the shape of the solid. This makes 
nanostructured m aterials a subject of both fundam ental and practical 
in terests. The introduction of unique physical and chemical properties of 
nanostructured m ateria ls can be found in reference [7.1] and [7.2]. 
Furtherm ore, the nanostructured m aterials also show excellent and 
in teresting electron field emission (FE) properties. Although the FE 
mechanisms of the nanostructured m ateria ls are still under investigation, 
the low dimensional structures are clearly shown to play an im portant 
role in  the emission process.
Two-dimensional electron confinement structures, such as u ltra-th in  
dielectric coatings on electron em itter and m ultilayered th in  films, show 
negative differential conductance in  their FE process due to the resonant 
tunnelling [7.2-7.7] and have a sm all tunnelling barrier due to the electron 
band bending by space charge accumulation. Hence, it is in teresting for 
radio frequency signal generation and amplification in the high-speed 
vacuum  nanoelectronics sector. In  C hapter 6, electron FE properties of 
band gap modulated amorphous carbon nanolayers are reported and the 
FE m easurem ent results are discussed in term  of resonant tunnelling.
On the other hand, one-dimensional nanostructures, such as carbon 
nanotubes and various types of nanowires, have shown to achieve an 
emission current a t extrem ely low applied electric fields (typically less 
th an  5 V/pm) [7.8-7.10]. Although, the origins of the low field emission
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behaviour of these one-dimensional nanostructures are not clear yet, it is 
generally believed th a t their physically sharp structures can provide a 
very large local field enhancem ent. Moreover, the properties of carbon 
nanotubes are strongly dependent on their chirality, bu t the chirality of 
the carbon nanotubes can only be determ ined by high resolution 
transm ission microscopy technique which is high in cost and a 
complicated method of characterisation. However, H uang et al., have 
theoretically predicted th a t the chirality of single-wall carbon nanotubes 
can be reflected by the m agnetic field-aided FE m easurem ents [7.11].
For the zero-dimensional m aterials, electrons are fully confined in all 
three dimensions and they are often called quantum  dots (QDs) or 
nanocrystals. Two im portant characteristics, including discrete electron 
energy states and discrete electron charge, are achieved a t the QDs. 
Sim ilar to the two-dimensional quantum  well structure, the quantised 
energy levels are also present in QDs due to the electron confinement 
effect. The semiconductor nanocrystals show obvious electron confinement 
effects because of their sm all electron effective mass. The m agnitude of 
the energy levels in the QDs is oc ll(m*d2), where d is the diam eter of the 
dot and m* is the effective electron m ass [7.2].
For example, the electron effective m ass of CdSe nanoparticles is as 
low as 0.13mo, where mo is the electron m ass of a free electron, and the 
spacing between the lowest two energy levels of CdSe nanoparticles w ith d 
of 4 nm is as large as 0.76 eV [7.2]. Hence, the optical spectrum  of the 
semiconductor quantum  dots can be tuned continuously across the visible 
spectrum, m aking them  useful in applications from fluorescent labelling 
to light-em itting diodes. Moreover, the semiconductor QDs have a large 
electron m ean free pa th  due to their low electron density and small 
effective mass, therefore, coherent tunnelling (i.e. resonant tunnelling) via 
the discrete energy levels of the dots can occur. The electron FE properties 
of Ge QDs synthesised using molecular beam expitaxy (MBE) technique
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have been studied by various groups. Emission curren t peaks were 
observed and implied the existence of resonant tunnelling. [7.12-7.14]
Metallic QDs also show the natu re  of discrete energy sta tes from their 
transport properties bu t the principle is different from the semiconductor 
nanocrystals. As compared to the semiconductor nanocrystals, the m etal 
QDs have large electron densities and effective m ass (-mo), and, small 
elastic m ean free paths (few nm). Hence, the m etal quantum  dots behave 
more or less as sm all bulk-like systems. For example, a gold quantum  dot 
w ith a d  of 4 nm, the average level spacing a ttribu ted  to the quantum  
confinement effect is -  2 meV and much less th an  the 0.76 eV of CdSe dot 
[7.2]. On the other hand, w hen an  electron is added to an electrically 
isolated quantum  dot, there is a rearrangem ent of the charge in the dot 
due to the Coulomb repulsion between electrons, resulting  in  a change in 
the electrostatic potential. The change in the electrostatic energy can be 
referred to as the charging energy of adding one electron into the dot and 
is “e2/C”, where e is the charge of the electron and C is electrostatic 
capacitance of the dot. For a m etal dot w ith d  of 4 nm embedded in  the 
vacuum medium, the charging energy is -  0.24 eV and exceeds the value 
of therm al energy k T  » 26 meV, where T  is tem perature and k  is 
Boltzm ann’s constant, a t room tem perature. Such large changes in the 
electrostatic energy due to transfer of a single electron results in  a gap in 
the energy spectrum  a t the Ferm i energy, leading to the phenomenon of 
Coulomb blockade. The tunnelling of electrons is inhibited until th is 
charge energy is overcome through an applied bias and leads to a staircase 
current-voltage characteristic [7.1],
Hence, it is of great scientific and technological in terest to study the 
FE properties of m etal quantum  dots. However, in order to achieve a 
m easurable emission current from the dot, the local field strength  a t the 
dots m ust be -1000 V/pm. Lin et al. m easured the electron energy 
distribution from a single Au nanocluster w ith d  of 1 nm. The Au
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nanocluster was supported on W (100) field emission tip to achieve a local 
field enhancem ent and discrete energy peaks were observed in  the 
m easurem ent showing the discrete charge states of the dot [7.15]. In 
Chapter 5, we showed th a t the isolated Ag nanoclusters embedded in Si02 
m atrix  can give m easurable emission currents a t relatively sm all electric 
fields (< 20 V/pm), therefore, the isolated m etal nanoclusters embedded in 
the Si0 2  m atrix  are seen to be potential candidates for studying the field 
emission properties of m etal quantum  dots. However, the Ag nanoclusters 
synthesised by Ag im plantation on the Si02 layers have wide size 
dispersions and showed Fowler-Nordheim (FN) tunnelling behaviour in 
FE m easurem ents.
In  th is work, Co ions were im planted into therm ally oxidised Si02 
layers on silicon substrate  to synthesise Co quantum  dots. The Co ion does 
not react chemically w ith the Si0 2  m atrix  and also has a sm aller diffusion 
coefficient in the Si02, as compared to the Ag [7.16]. Hence, sm all sized Co 
nanoclusters w ith  narrow  size distributions are obtained and are ideal for 
the study of the FE properties of the m etal QDs. Excellent FE properties, 
w ith threshold fields as low as 5 V/pm, and repeatable staircase-like I-F  
characteristics were observed in these samples.
7.2 Sample Preparation and Experim ents
Si02 layers were grown on n-type phosphorus-doped (100) Si wafers 
w ith a resistivity < 0.05 Qcm, using dry therm al oxidation a t 1000 °C for
2.5 hours. The thicknesses of these Si02 layers were ~160 nm and were 
thicker th an  th a t used for the Ag im plantation (~ 120 nm). The resulting 
layers were subsequently im planted w ith 50 keV Co+ ions a t room 
tem perature, using a 200 kV ion im planter. The doses ranged from lx lO 16 
to 7 x l0 1G Co+/cm2 and were confirmed by Rutherford backscattering 
spectrom etry (RBS) m easurem ents, w ith a 1.56 MeV 4He+ beam.
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According to static SRIM sim ulation shown in C hapter 4, the 
projected range of 50 keV Co+ ions in  a 100 nm thick SiC>2 layer on a Si 
substrate  is found to be 43 nm. Hence, the im planted Co ions cannot 
penetrate  through Si02 layer to be in contact w ith the Si substrate. The 
FE properties of the samples were studied using a ‘sphere-to-plane’ 
electrode configuration, which is identical to the set up used in the Ag 
im planted samples, in a vacuum  chamber (< 5.0xl(H  Pa) a t room 
tem perature. However, topside electrical contacts to the sample surface 
were employed instead  of the conventionally bottom electrical contact, 
thus allowing the electrons to flow through the conducting surface to 
emission sites and be em itted to the extraction electrode. The structure of 
these Co im planted samples were designed w ith a ~50 nm  thick oxide 
layer between the m etal clusters and the substrate, so th a t tunnelling 
electrons occurred only a t the top contact. Therefore, the effect of the 
interface barrier between the substrate and m etal clusters can be ignored. 
Moreover, due to the G aussian distribution of Co ions in the direction 
parallel to direction of the ions im plantation (vertical), the size dispersion 
of the m etal nanoclusters a t the vertical direction of the emission surface 
is expected to be much wider th an  th a t a t the horizontal direction of the 
emission surface. Hence, the topside electrical contact configuration is 
seen to be more suitable for studying the FE characteristics of QDs. The 
applied electric field was obtained by dividing the applied voltage by the 
gap distance (typically, 100 pm). The threshold field Fth, is defined as the 
field strength  where the emission current reaches 1 nA. The m easurem ent 
was performed a t several different regions in each sample and the high 
voltage is stepped up and down three tim es to check the repeatability  and 
homogeneity of the cathode.
The surface morphology was studied using atomic force microscopy 
(AFM). The phase evolutions were studied using glancing incidence X-ray 
diffraction (XRD). The m icrostructure was characterized using a Philips 
CM200 transm ission electron microscope (TEM) (200kV accelerating
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voltage, LaBe electron source).
7.3 Structural Properties
The im plantation doses and depth profiles of Co ions are determ ined by 
RBS m easurem ents and the results are shown in  Table 7.1. As seen from 
Co depth profiles of these samples in fig. 7.1, broad Gaussian-shape 
profiles are achieved in all im plantation doses. This is different from the 
Ag im planted samples, which show a change of the shape of the profile 
from G aussian to bimodal w ith increasing Ag dose. Moreover, the 
m easured peak concentrations of the Co atoms in  these samples are close 
to values calculated from the SRIM simulation. The w idth of the Co 
profiles is independent from the im plantation dose and achieves a 
constant value of -6 0  nm. These resu lts indicate th a t the dose-enhanced 
ion diffusion effects are negligible in  the Co im planted samples as 
compared w ith Ag im planted samples and can be understood as follows.
At first, the im plantation energy of Co ions a t 50 keV is about half of 
the im plantation energy of Ag ions (110 keV). Moreover, the beam  current 
density for the Co im plantation is -1  pA/cm2 and is five tim es less th a t 
th a t of Ag im plantation (-5  pA/cm2). Hence, the ion beam  heating effect on 
the Co im planted samples is expected to be ten  tim es less th an  th a t on Ag 
im planted samples and the diffusion ra te  of the Co ions in the SiC>2 layer 
is much less th an  th a t of Ag ions. Moreover, for the Ag im planted samples, 
the profile of Ag ions was penetrated  through the SiC>2 layer into Si 
substrate. Hence, the hea t of the Si02 layer can be removed from the Si 
substrate through the Ag ions. Hence, a tem perature gradient is built 
across the Si0 2  layer resulting in  a bimodal distribution for the highest 
dose samples, as discussed in  Chapter 5. However, for the Co im planted 
samples, a -  50 nm thick oxide layer exists between the Co nanoclusters 
and the substrate, which can be clearly observed in  the TEM 
m easurem ents which will he illustrated  later. Hence, the im planted
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region is therm ally isolated from the Si substrate, thus a tem perature 
gradient is not expected. Therefore, the Co depth profiles of these samples 
are G aussian in shape, over a constant width, w ith increasing 
im plantation dose.
Dose
[x l016cnr2]
Actual dose 
[x l016cnr2]
Peak Cone, of Co 
(RBS) [%]
Peak Cone, of Co 
(SRIM) [%]
FWHM of Co 
(RBS) [nm]
1 1.01 3.5 3.6 61
3 3.21 10.3 10.0 60
5 5.26 15.8 15.7 62
7 7.37 21.8 20.7 63
Table 7.1: T h e  R B S  a n d  S R I M  s i m u l a t i o n  r e s u l t s  o f  C o  i m p l a n t a t i o n  o n  S i 0 2 .
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Fig. 7.1 : T h e  d e p t h  p r o f i l e s  o f  t h e  s a m p l e s ,  w i t h  v a r i o u s  C o + d o s e s ,  d e t e r m i n e d  
f r o m  R B S  m e a s u r e m e n t s .
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The surface morphology of these samples was studied using AFM and 
the AFM images are shown in fig. 7.2. The surfaces of these samples are 
atomically smooth. The root-m ean-square (rms) values of the surface 
roughness were determ ined to be 0.4, 0.4, 0.2 and 0.5 nm for the samples 
w ith doses of 1, 3, 5 and 7 x l0 16 Co+/cm2, respectively. Hence, the 
“external” geometric local field enhancem ent effect is negligible in these 
samples.
Fig. 7.2 : T h e  A F M  m i c r o g r a p h s  s h o w i n g  t h e  s u r f a c e  m o r p h o l o g y  o f  t h e  s a m p l e s  
w i t h  d i f f e r e n t  C o  d o s e s .
The XRD m easurem ents on these samples fail to give any information 
about the crystallised state  of the Co ions because only background signals 
were observed in XRD spectra of these samples. The XRD spectra of the 
two highest dose samples (5 and 7 x l0 16 Co+/cm2) are shown in fig. 7.3 and 
indicate th a t these samples are likely to be non-crystalline in form or the 
size of Co nanoclusters is too small for the XRD m easurem ents. For
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example, the average size of the Ag nanoclusters in the sample with a dose 
of lx lO 16 Ag+/cm2 was determ ined to be 4.8 nm by TEM m easurem ent, but 
only a background signal was present in the corresponding XRD 
spectrum.
26 [degree]
Fig. 7.3 : T h e  X R D  s p e c t r a  o f  t h e  t w o  h i g h e s t  d o s e  ( 5  a n d  7 x l 0 16 C o +/ c m 2)  
s a m p l e s .
Hence, cross-sectional TEM (XTEM) m easurem ents were preformed 
in these samples to identify the state  of the im planted Co ions and also to 
determ ine the m icrostructure of these samples. The XTEM images of 
these samples are shown in fig. 7.4 and the statistical size distribution of 
the Co nanoclusters w ith respect to the Co doses are shown in fig 7.5. 
Except for the lowest dose (lx lO 16 Co+/cm2) sample, where only an area of 
different contrast can be observed, the im planted Co ions are in 
nanocluster form. The nanoclusters are identified as crystalline Co 
nanoparticles from high resolution TEM m easurem ents as typically 
shown in fig. 7.4(e).
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Fig. 7.4: B r i g h t - f i e l d  X T E M  m i c r o g r a p h s  o f  t h e  s a m p l e s  i m p l a n t e d  w i t h  d o s e s  o f  
( a )  l x l O 16 C o +/ c m 2, ( b )  3 x l 0 16 C o +/ c m 2, ( c )  5 x l 0 16 C o +/ c m 2 a n d  ( d )  7 x l 0 16 
C o +/ c m 2. ( e )  H i g h  r e s o l u t i o n  T E M  i m a g e  o f  a  n a n o c l u s t e r  i d e n t i f y i n g  t h e  p r e s e n c e  
o f  p u r e  C o  n a n o c r y s t a l s .
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Fig. 7.5 : The statistical size distribution of Co nanoclusters of the samples with 
doses of (a) 3 x l 0 16 Co+/cm 2, (b) 5 x l 0 16 Co+/cm 2 and (c) 7 x l 0 16 Co+/cm 2, and (d) 
The size distribution of Ag nanoclusters of the sample with a dose of 3 x 1 0 16 
Ag+ / cm2 for the comparison as derived from XTEM.
The average diam eters, d, of these Co nanoclusters are determ ined to 
be 1.8, 3.6 and 5.7 nm for the samples w ith doses of 3, 5 and 7 x l0 16 
Co+/cm2, respectively. The corresponding statistical standard  derivations, 
Ad, of the cluster sizes are determ ined to be 0.8, 0.9 and 1.2 nm for the 
samples w ith doses of 3, 5 and 7 x l0 16 Co+/cm2, respectively. On the other 
hand, the im planted Co ions are seen to dissolve in the SiC>2 m atrix for the 
lowest dose sample. Only a very little am ount of Co nanoclusters, w ith 
sizes up to 2 nm, are observed in the region located a t a depth of 40 nm 
beneath the surface and HRTEM images fail to indicate any lattice fringes 
for these nanoclusters.
Compared to the Ag im planted Si02 layers, the Co im planted Si02 
layers have sm aller and more narrow ly-distributed m etal clusters. For
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example, as shown in fig. 5.6 (Chapter 5), the d ,  A d  of the Ag nanoclusters 
in the sample w ith a dose of 3 x l0 16 Ag+/cm2 are determ ined to be 6.2 and
2.4 nm, respectively. Moreover, the sizes of the Ag nanoclusters range 
from 3 to 14 nm for th a t Ag im planted sample but the sizes of Co 
nanoclusters of Co im planted sample with a same im plantation dose 
(3x l016 Co+/cm2) are only ranging from 0.5 to 5.0 nm. This is proposed to 
be due to Co ions having a small diffusion coefficient in the SiCU layer and 
tem perature-gradient driven diffusion effect is supposed to be absent (or 
insignificant) in these Co im planted samples as discussed with RBS 
m easurem ent. Moreover, the elem ental mapping of Co, Si and O in these 
samples is determ ined from energy-dispersive X-ray (EDX) spectroscopy, 
which is equipped in the TEM system, and the results are shown in fig. 7.6. 
The XTEM results shown in fig.7.4 and EDX results shown in fig. 7.6 
indicate th a t Co nanoclusters exist in the Si02 layers a t depth up to '-TOO 
nm beneath the surface and a ~ 50 nm thick cobalt-deficient SiC>2 layer 
exists between the Co nanoclusters and the Si substrate.
GO
50 nm
(b )
(
5 0  n m
(d)
50 nm
Fig. 7.6: E D X  e l e m e n t s  m a p p i n g  o f  s a m p l e s  w i t h  d o s e s  o f  ( a )  l x l O 16 C o +/ c m ( b )  
3 x l 0 16 C o +/ c m 2, ( c )  5 x l 0 16 C o +/ c m 2 a n d  ( d )  7 x l 0 16 C o +/ c m 2 ( R e d :  c o b a l t ;  B l u e :  
o x y g e n  a n d  G r e e n :  s i l i c o n ) .
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7.4 FE  P ro p e r t ie s
The electron FE characteristics of these Co im planted samples are 
shown in fig. 7.7-7.12. High-field conditioning is required for the lowest 
dose sample in order to achieve a stable emission, and surface destruction 
results after the conditioning process. The Fth of the lowest dose sample 
after the conditioning process is 120 V/pm and its I-F  characteristic 
follows the Fowler-Nordheim (FN) tunnelling mechanism, as shown in the 
fig. 7.7. These resu lts suggest th a t dielectric breakdown has occurred 
during the FE process to create conductive channels for fu rther electron 
emission, sim ilar to the early discussion for “bare” Si02 layers in Chapter 
5.
In  contrast to the lowest dose sample, conditioning processes are 
absent from the other three higher dose samples, because the Co 
nanoclusters in these samples have provided conductive channels for the 
emissive electrons. This is instead  of needing to create conductive 
channels through dielectric breakdown a t the outset. However, the I-F  
characteristics of these higher dose samples cannot be fully described by 
the FN tunnelling process because non-linear FN plots are observed in fig. 
7.8(b). The FN plots of the sample w ith a dose of 3 x l0 1G Co+/cm2 can be 
divided into three line-segm ents and sa turation  of the emission current is 
observed a t a field strength  between 70 and 96 V/pm in  fig 7.8(a). The 
presences of the three line-segm ents in FN plots are commonly observed 
in  carbon nanotubes and possibly can be explained by space charge effects 
and surface adsorbate effects [7.17].
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1000/F [pm/V]
Fig. 7.7 : T h e  e l e c t r o n  e m i s s i o n  c h a r a c t e r i s t i c s  o f  t h e  s a m p l e  w i t h  a  d o s e  l x l O 16 
C o +/ c m 2 f o r  t h r e e  s u c c e s s i v e  c y c le s :  ( a )  T h e  I - F  c h a r a c t e r i s t i c s  a n d  ( b )  t h e  
c o r r e s p o n d i n g  F N  p l o t s .
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Fig. 7.8: T h e  e l e c t r o n  e m i s s i o n  c h a r a c t e r i s t i c s  o f  t h e  s a m p l e  w i t h  a  d o s e  3 x l 0 16 
C o +/ c m 2 f o r  t h r e e  s u c c e s s i v e  c y c le s :  ( a )  T h e  I - F  c h a r a c t e r i s t i c s  a n d  ( b )  t h e  
c o r r e s p o n d i n g  F N  p l o t s  s h o w i n g  t h r e e  l i n e  s e g m e n t s .
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However, two-step staircase-like I-F  characteristics are observed in  
the two highest dose samples (5 and 7 x l0 16 Co+/cm2) and are repeatable in 
the three successive m easurem ents of each sample, as shown in fig. 7.9 
and 7.10. The w idth of the staircase is roughly constant, and, is 
determ ined to be 1.5 and 5.0 V/qm for the samples w ith  doses of 5 and 
7 x l0 16 Co+/cm2, respectively. Moreover, the FN plots of these samples can 
be divided into five line-segm ents as shown in  fig. 7.11. Again, the FE 
properties of these highest dose samples cannot be understood by the 
conventional Fowler-Nordheim type tunnelling. Moreover, the adsorb ate 
effects or space effects for explaining the three line segm ents of FN plots of 
carbon nanotube is also inappropriate for these Co im planted samples 
which contain narrow size-dispersed Co quantum  dots.
On the other hand, the staircase current-voltage (IV) characteristics 
are observed in the m etal im planted Si0 2  layers even a t room 
tem perature, and are a ttribu ted  to the Coulomb blockade effect from the 
m etal quantum  dots [7.18]. Moreover, staircase I-F  characteristics are 
theoretically predicted for m etal quantum  dots [7.19]. The staircase I-F  
characteristics of m etal quantum  dots can be speculated as follows. At 
first, the electrostatic capacitance of the m etal quantum  dot is very sm all 
due to their physically sm all size, therefore, the charging energy e2IC, 
where e is the charge of an  electron, for adding one more electron into a 
m etal quantum  dot is greater th an  the therm al energy. Hence, the 
continuous variation of the applied electric field leads to discrete changes 
of the charge in  units of “e” a t the m etal quantum  dot. The local field 
streng th  on a m etal quantum  dot is proportional to the num ber of charges 
on it. Therefore, the discrete changes of charge a t the m etal quantum  dot 
corresponding to discrete changes of the local field strength, which leads 
to a staircase like I-F  characteristics.
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Fig. 7.9 : T h e  I - F  c h a r a c t e r i s t i c s  o f  t h e  s a m p l e  w i t h  a  d o s e  o f  5 x l 0 16 C o +/ c m 2 
p l o t t e d  i n  ( a )  L o g a r i t h m i c  s c a l e ,  a n d ,  ( b )  L i n e a r  s c a l e  f o r  t h e  c u r r e n t  a x i s .
113
C hapter 7 Cobalt Q uantum  Dots
n r4
10-5
(a )
10-6
<  10-7
10'
5  10'9
10'10
10 11
Step 2 aa» □
-  □ -  1st cycle Step 1 lAgSGf 8®
ond   I _ • • Am”  •— 2 cycle 
—a — 3rd cycle
JP?
i
10 15 20 25 30 35 40
F [V/pm]
20
15
c  100cft3
o
(b )
— 1st cycle Step 1
- • - 2"u cycle 
—a — 3rd cycle
Q Aywyt/ytA/wytA/jwvyVvy^ffl
5 10 15 20 25
F [V/pm]
Fig. 7.10: T h e  I - F  c h a r a c t e r i s t i c s  o f  t h e  s a m p l e  w i t h  a  d o s e  o f  7 x l 0 16 C o +/ c m 2 
p l o t t e d  i n  ( a )  L o g a r i t h m i c  s c a l e ,  a n d ,  ( b )  L i n e a r  s c a l e  f o r  t h e  c u r r e n t  a x i s .
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Fig. 7.11: T h e  F N  p l o t s  o f  t h e  s a m p l e  w i t h  a  d o s e  o f  ( a )  5 x l 0 16 C o +/ c m 2, a n d ,  ( b )  
7 x l 0 16 C o +/ c m 2. F i v e  l i n e  s e g m e n t s  a r e  o b s e r v e d .
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The charging energy (ECh) for adding an electron to a m etal quantum  
dot in the metallic-dielectric nanocomposite system can be estim ated as 
follows [7.20]. First, consider a dielectric system containing randomly 
distributed m etal QDs as schematically shown in fig. 7.12(a). The sizes of 
these m etal QDs and the separation among these QDs are d  and s, 
respectively, on average. For simplicity, the geometry in fig. 7.12(a) is 
approximated by th a t of fig. 7.12(b).
(a) (b)
Fig. 7.12: Schematics of Co-SiC>2 system showing: (a) the actual geometry, and, (b) 
simplified geometry for calculations.
Assume the charge a t the central cluster dot is Qo. Applying Gauss’s 
law w ith a closed spherical-surface, w ith a radius of r, which contains the 
central cluster, then  the electric field is determ ined to be Qo/(47isosrr2), 
where so is the electron perm ittivity of vacuum and sr is the dielectric 
constant of the dielectric m aterial. Then, voltage difference (AV) between 
the central cluster and outside m etal region is:
AV = Q c
47IS0Sr f (s  + f )
(7.1)
The electrostatic capacitance can be expressed as:
C =.  Q o  _
-l
AV 47T£0£r f(s + f)
(7.2)
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Hence, the charging energy for adding an electron into the central cluster 
can be determ ined as:
2 2 e s e s°    __ z  .___  m
ch 47us0sr f ( s  + f )  nsQs r d(d + 2s)
In  order to determ ine the F ch of the Co im planted samples, the values 
of the £r, d  and s are required. From the TEM m easurem ents, d  is 
determ ined to be 3.6 and 5.7 nm, for the sample w ith a dose of 5 x l0 16 
Co+/cm2 and 7 x l0 16 Co+/cm2, respectively. If the m etal clusters in  the 
dielectric regime are approxim ated by a simple cubic lattice of m etal 
spheres w ith lattice constant ‘s+d’ and the m etal sphere diam eter {d \  then  
the ratio  of sld can relate to the m etal volume fraction, x, as ‘s/c£=(7r/6x)1/3- r  
[7.20], M etal volume fraction x can be determ ined from the RBS 
m easurem ent. The peak atomic concentrations of the Co atoms in the 
samples w ith a dose of 5 x l0 16 Co+/cm2 and 7x l0 16 Co+/cm2 are determ ined 
to be 15.8% and 21.8%, respectively, as shown Table 7.1. Hence, the values 
of s/d are determ ined to be 0.60 and 0.43 for the sample w ith a dose of 
5 x l0 16 Co+/cm2 and 7 x l0 16 Co+/cm2, respectively. The sr of the SiC>2 in  the 
m etal-Si02 nanocomposite layers under a strong in terna l field has been 
determ ined to be 2.1, which is sm aller th an  th a t of bulk SiC>2 layer (sr ~4.2), 
by the electrical and optical m easurem ents [7.21. 7.22]. Therefore, the Ech 
of the samples w ith a dose of 5 x l0 16 Co+/cm2 and 7 x l0 16 Co+/cm2 is 
calculated to be 0.22 and 0.12 eV, respectively. The charging energies of 
these samples is much higher th an  the therm al energy (k T  w 26 meV) a t 
the room tem perature, thus, the Coulomb blockade effect is able to take 
p art in  the FE process of these samples. However, w ithout the 
understanding on the in terna l field strength  of these samples, it is 
impossible to directly compare the experim ental results w ith calculations.
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Although, the fluctuation in size and separation of the m etal clusters 
tend to average out effects due to single charge tunnelling, the FE 
currents are often expected to be dom inated by a group of emission sites 
th a t have the lowest Fth. The Fth of the Co quantum  dots is expected to be 
dependent on the size of dots and separation among the dots. Hence, the 
FE current from these samples is m ainly contributed to a group of Co 
quantum  dots w ith a particu lar size and separation. Hence, the 
observation of the staircase I-F  characteristics in these Co im planted 
samples could be attribu ted  to the Coulomb blockade effect arising from 
Co quantum  dots, although, a more detailed study is required to confirm 
th is  phenomenon.
On the other hand, the dependencies of Fth on the im plantation doses 
is consistent w ith the observations made with Ag-implanted Si02 layers 
and can be qualitatively understood through the electrical inhomogeneity 
effect (Chapter 3). The isolated Co nanoclusters embedded in the Si02 
m atrix  create conductive paths for transporting  the emissive electrons 
from the source to the emission surface, therefore, the formation of 
conductive paths by dielectric breakdown can be avoided. Moreover, when 
an external field is present, the mobile charges in the layer will 
concentrate m ainly a t the boundaries of these localised conductive Co 
nanoclusters, due to the n atu re  of the electrical conductivity difference 
between the Co nanoclusters and the SiC>2 m atrix. The electric field lines 
will term inate a t the mobile charge. This leads to a local electric field 
enhancem ent due to the electrical inhomogeneity [7.6, 7.23-7.25].
Hence, the Fth decreased from 120 V/pm to 50 V/pm after the 
appearance of a significant am ount of Co nanoclusters when the dose 
increased from 1 to 3 x l0 16 Co+/cm2, as observed in XTEM images in fig. 7.4 
W hen the Co dose is increased, the concentration of the Co clusters is also 
increased; hence, Fth fu rther decreases to 5 V/pm, w ith an increased 
num ber of field emission sites and num ber of emission conducting paths.
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However, by further increasing the Co dose, the local field enhancem ent a t 
the Co nanoclusters is decreased, a ttribu ted  to adjacent field screening as 
the Co nanoclusters are more densely packaged in the Si02 layers. Hence, 
the Fth slightly increases from 5 V/pm to 12 V/pm for the highest dose 
sample.
7.5 Conclusions
In  short, the fabrication and electron field emission properties of Co 
quantum  dots embedded in a Si0 2  m atrix  by ion im plantation are reported. 
These samples show excellent FE properties, w ith threshold fields as low 
as 5 V/pm, comparable to other popular FE m aterials. The structures of 
these samples were studied by AFM, RBS and TEM. The excellent FE 
properties of these samples are discussed in term s of the electrical 
inhomogeneity effect, which is a ttribu ted  to the isolated Co nanoclusters 
embedded in the electrically insulating SiC>2 m atrix. Finally, interesting 
staircase-like I-F  characteristics are observed in the samples w ith a dose > 
5 x l0 16 Co+/cm2 and can be attribu ted  to the Coulomb blockade arising 
from the Co quantum  dots w ith very low capacitance.
119
C h a p t e r  8  C o n c l u s i o n s
8.1 Summary o f A chievem ents
In  summary, the electron field emission (FE) properties of various 
nano-engineering structures, including Ag-SiC>2 nanocomposites, band gap 
m odulated amorphous carbon (a-C) nanolayers and Co quantum  dots, are 
studied in th is work. Excellent and in teresting FE properties such as 
negative differential conductance, switching effect and staircase-like I-F  
characteristics are achieved in these structures and are discussed in 
conjunction w ith their s tructu ra l characteristics determ ined from the 
m easurem ents of atomic force microscopy, Rutherford backscattering 
spectrometry, X-ray diffraction, transm ission electron microscopy and 
electron field emission.
8.1.1 Ag-Si02 N anocom posites
The synthesis process and FE properties of Ag-SiC>2 nanocomposite 
layers, which are potential candidates for FE device applications, are 
reported. These nanocomposites were synthesised by Ag im plantation into 
therm ally  grown SiC>2 layers and the whole process is compatible w ith 
existing in tegrated circuit technology. Moreover, they exhibit good FE 
properties, w ith threshold fields as low as 13 V/pm a t a dose of 5 x l0 16 
Ag+/cm2. The FE mechanisms of these layers are discussed and associated 
w ith two types of local field enhancem ent mechanisms, nam ely the effect 
due to the electrical inhomogeneity between the Ag clusters and the SiC>2 
m atrix  and th a t due to the morphology of the em itting surface.
Finally, it is dem onstrated th a t the FE properties of the samples 
could be fu rther improved by pulsed laser annealing. The Fth of the 
highest dose (7x l016 Ag+/cm2) sample was improved from 28 V/pm to 16 
V/pm by laser annealing. The origin of the non-linear FN plots achieved
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from the annealed samples is discussed, associated w ith a two-step 
emission process, including the Fowler-Nordheim tunnelling, a t the 
emission sites and the Poole-Frankel conduction w ithin the 
nanocomposites layer.
8.1.2 Band Gap M odulated a-C Nanolayers
The fabrication process and FE properties of band gap m odulated 
a-C nanolayers are reported. These nanolayers are synthesised by pulsed 
laser ablation of a graphite target. The electron band gap of individual a-C 
layer is modulated by the laser fluence. The a-C nanolayers are 
constructed w ith two distinct a-C layers: one is sp3 rich a-C layer w ith a 
band gap of 2.8 eV and another is sp2 rich a-C layer w ith a band gap of 1.5 
eV. Negative differential conductance and switching effects are observed 
in electron field emission from these samples th a t show a two-dimensional 
quantum  confined structure. These anomalous FE properties in term  of 
the resonant tunnelling effect could be useful for high-speed electronic 
devices such as oscillators and fast switching devices, which m akes a-C 
very attractive as a large area electronic th in  film. The positions of the 
NDC and the switching fields are dependent on the thickness of the sp2 
layer for the sp2-sp3-Si structure. As the thickness of the sp2 layers 
increased from 3 to 6 nm, the F p and Fs increase from 15 to 39 V/pm and 
from 25 to 56 V/pm, respectively.
8.1.3 Co Quantum Dots
Co quantum  dots were synthesised by ion im plantation into therm ally 
oxidised SiC>2 layers sim ilar to Ag-SiC>2 nanocomposites bu t the size 
dispersion of Co nanoclusters is much narrow er th an  the Ag nanoclusters. 
These samples not only show excellent FE properties w ith threshold fields 
as low as 5 V/pm, comparable to other popular FE m aterials, bu t also 
in teresting  staircase-like I-F  characteristics in samples w ith a dose >
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5x l0 16 Co+/cm2. The staircase-like I-F  characteristics are discussed in 
term  of single electron tunnelling due to the Coulomb blockade arising 
from the Co quantum  dots w ith very low capacitance.
8.2 F u tu re  W o rk
There are a num ber of possible suggestions to enhance and extend the 
work of this thesis. At first, we can fabricate a simple three term inal FE 
device structure based on Ag-SiC>2 nanocomposites and dem onstrate the 
possibility of using Ag-SiCb nanocomposites in the vacuum  microelectronic 
devices and dem onstrate the advantages of the simple and efficient 
etching process of SiC>2, in  comparison to other popular FE m aterials.
Secondly, we can deposit band gap m odulated a-C nanolayers on 
different substrate m aterials such as p-type Si to verify the proposed 
resonant tunnelling model on these structures. Moreover, the study of the 
FE properties of these sam ples under laser radiation of various 
wavelengths will be of significant scientific interest. This m ay resu lt in the 
inform ation on the electron energy band structures of these samples, 
under the FE process. High-frequency FE m easurem ents on these samples 
are desirable for investigation of the possibility of in tegrating  the band 
gap m odulated a-C nanolayers on high-speed vacuum electronic devices.
Finally, we can perform therm al treatm ents such as pulsed laser 
annealing on the Co quantum  dots (QDs) samples to modify the size and 
size-dispersion of Co QDs and study their FE properties. Hence, we can 
obtain optimised size and size distributions of Co QDs for FE. Moreover, 
Co is a ferromagnetic m aterial, therefore, magnetic-field aided FE 
m easurem ents on Co QDs would be in teresting for spintronic applications. 
Also, low tem perature FE m easurem ents on the band gap modulated a-C 
nanolayers and Co QDs also promise good opportunities to study their 
unique FE properties arising from quantum  effects.
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